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Abstract
The translaminar fracture toughness of fibre reinforced polymers (FRP) is import-
ant for characterising the failure resistance of composite structures. Measuring the
translaminar fracture toughness for any possible layup is not feasible. Therefore, it is
of interest to relate the translaminar toughness of a laminate to that of its plies. Numer-
ous studies have measured the translaminar fracture toughness of composite laminates
and of individual plies. However, any attempts to relate the two have so far been very
limited, and restricted to initiation values.
This work presents experimental and analytical research on Compact Tension (CT)
tests on several T800s/M21 carbon-epoxy laminates with different combinations of
0◦, ±45◦ and 90◦ plies, and with various ply thicknesses. Post-mortem techniques,
such as X-ray, optical and scanning electron microscopy, were used to determine the
damage extent in each specimen. Acoustic emission (AE) was also used to sequence
the occurrence of the failure mechanisms. Failure mechanisms found in the multi-
directional laminates included a combination of the failure mechanisms found on bi-
directional laminates (θ/90◦) made of its constituent plies. Ply splitting, fibre bridging
and fibre pull-out were the main features characterizing the fracture surfaces.
Assuming that the damage can be represented as a single crack, the resistance curve
(R-curve) for each layup was extracted from these tests. From each laminate R-curve,
three distinct fracture toughness values were obtained for each layup: non-linearity
onset, initiation and propagation. The R-curves were used to define a trilinear cohesive
law for each layup, and the specimens were then successfully simulated using a cohesive
approach in a Finite Element (FE) model. On the one hand, there was good agreement
supporting the representation of translaminar damage as a cohesive crack. On the
other hand, damage was considerably diffuse when the laminate included substantial
ply-blocking, thus suggesting that a single equivalent crack may, in some cases, neglect
some important aspects of translaminar damage (as well as delamination).
Four analytical predictive models were used to predict the translaminar toughness
of the laminates from that of the constituent plies. The assumption of translaminar
fracture toughness additivity by means of a rule of mixtures correlated best with the
i
experimental results. The experimental results for a mode I crack propagation in a
45◦ ply were shown to corroborate a simple analytical model which relates the critical
energy release rate of a 45◦ ply to those of 0◦ and 90◦ plies.
Thickness size effects were investigated by using different 0◦ ply thicknesses, by
means of 0◦ ply-blocks and using two grades of the same material system. Since it
was found that excessive ply-blocking can lead to significantly diffuse damage, a second
study with thin-ply TR50s/K51 carbon-epoxy system was conducted, leading to the
first translaminar fracture characterisation of a 0◦ CFRP ply for a range of thicknesses
from 0.03 mm to 0.12 mm. The toughness of the 0◦ plies was confirmed to be signi-
ficantly dependent on the thickness, even for ranges of thicknesses where delamination
does not play a significant role.
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Introduction
For the past decades, carbon fibre reinforced plastics (CFRP) have been increasingly
used in aeronautical structures because of their specific stiffness and strength. However,
CFRP can fail as a combination of several possible fracture mechanisms. Currently,
the capability to accurately predict failure and damage tolerance is limited due to the
complexity of the failure processes and to the scale at which these occur. With a better
capability, design could be faster and consequently more economical, and lead to a
lighter final structure.
Failure mechanisms (such as fibre-matrix debonding, fibre fracture, fibre
bridging/pull-out, matrix cracking, delamination) in composite materials have been
intensively investigated since the 1920’s and they are not yet fully understood [1–5].
Several failure models and criteria have been developed to predict failure [6–10]. How-
ever, most of these failure models currently provide insufficient predictive capabilities
partially due to the lack of experimental observations required to develop them.
The fracture of composite materials can be classified into interlaminar, intralam-
inar and translaminar fractures [11–13] (Figure 1.1). Several analytical and experi-
mental studies have been carried out which allowed to create and develop interlaminar
(delamination) fracture toughness testing methods and different test specimens [14,15].
Intralaminar fracture consists of ply cracks running parallel to the fibres, thus in-
volving matrix cracking and fibre-matrix debonding [16]. Translaminar fracture con-
sists of cracks running through the thickness of the laminate and not parallel to the
fibres [13,17], thus leading to fibre fracture. However, for intralaminar (matrix cracking)
and translaminar (fibre fracture) fracture toughness, test methods are less developed
and the laminate effects on said toughnesses are less understood [18–20].
Translaminar fracture toughness of fibre reinforced polymers (FRP) is important
for characterising the failure resistance of notched composite structures. However,
1
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Figure 1.1: Schematic of failure modes the level of the ply [11].
measuring the translaminar fracture toughness for any possible layup of interest would
be expensive and time consuming. Therefore, it is important to be able to relate the
translaminar toughness of a laminate to that of its plies.
The main aim of this work is to improve the knowledge of how the translaminar
fracture toughness of individual plies relates to that of a generic laminate. More spe-
cifically, the detailed objectives are:
1. To determine under which circumstances translaminar fracture can be represented
as a cohesive crack.
2. To determine the effect of ply thickness on the fracture toughness of the 0◦ plies.
3. To measure the fracture toughness of angle plies (±45◦) and relating this to the
fracture toughness of 0◦ plies.
4. To investigate the suitability of different analytical methods for relating the tough-
ness of laminates to the toughness of the constituent plies.
The current state-of-the-art concerning translaminar failure and predictive
translaminar fracture toughness models is reviewed in Chapter 2.
Chapters 3 and 4 present an extensive investigation of translaminar mode I failure
of different layups involving 90◦, 0◦ and ±45◦ plies and different ply-block thicknesses.
This work is performed on compact tension (CT) specimens and leads to the charac-
terisation of the toughness of each angle ply. After measuring the R-curves from each
layup and gathering information on the failure processes at a macro and microscale
level (by means of X-ray, AE monitoring and microscopy), a trilinear cohesive law, by
2
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means of FE implementation, is used to represent translaminar fracture as cohesive
crack, taking into account the toughening mechanisms observed.
Four predictive toughness models from the literature are analysed and compared in
Chapter 5, using the experimental results gathered from Chapter 3. A simple equation
relating the mode I toughness of a 45◦ ply to that of a 0◦ ply is proposed and showed
to provide accurate results in this case.
The effect of the thickness of a 0◦ load-bearing ply is investigated in Chapter 3 and
further analysed in Chapter 6, this time using thin-ply laminates. A clear increase in
toughness with increasing thickness of the ply-blocks is established. Finally, a general
overview of the conclusions and further work suggestions are presented in Chapter 7.
3
4
Chapter 2
Literature review
2.1 Introduction
There has been a significant amount of research published on translaminar fracture
of laminated composites during the last decades. Several types of specimens and dif-
ferent data reduction schemes have been used not only to measure the translaminar
toughness of laminates, but also to study size effects and to validate models relating
the translaminar toughness of laminates to that of its constituent plies. This chapter
will summarize some of this work and its relevance to this thesis.
This review focuses on experimental and analytical investigations relevant for re-
lating ply-level fracture toughnesses to those of multidirectional laminates.
2.2 Experimental Studies
2.2.1 Test methods
Several test specimens including double cantilever beam (DCB), compact tension
(CT) and centre cracked tension (CCT), have been used in the literature to measure
the translaminar fracture toughness of laminates using several data reduction schemes;
Laffan et al. [12,21] provide a comprehensive review of these and suggest the use of CT
specimens with a data reduction scheme based in a numerically obtained compliance
curve as function of crack length.
The use of CT specimens has received particular attention in the literature [18–
26] as it allows for stable crack propagation and it requires less material than the
ECT (Extended compact tension) configuration [27]. However, the introduction of
new tougher resins has led to higher loads for a crack to propagate which could cause
the back edge of the CT specimen to fail due to compression stresses. Undesirable
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Figure 2.1: CT specimen showing the location of the six failure mechanisms con-
sidered by Blanco et al. [29].
failure modes are particularly difficult to avoid in woven composites [28,29]. For these
materials, Blanco et al. [28,29] identified six undesirable failure mechanisms (see Figure
2.1) in the CT configuration and developed a parametric analysis of this specimen
geometry. Several geometry variations were investigated and the 2TCT (double tapered
compact tension, see Figure 3.2b) specimen was elected the best modification after
exhibiting the lower failure mechanisms values [28,29].
2.2.2 Monitoring methods
Currently, several non-destructive inspection techniques such as X-ray, ultrasound
C-scanning and Acoustic Emission (AE) are used to investigate damage evolution.
While X-ray and C-scanning are post-mortem inspection methods, Acoustic Emission
is able to monitor damage during a test.
AE techniques have been developed and adapted in order to identify different failure
modes of CFRP specimens with various ply orientations and layups [30–32]. Significant
work has been done on the classification of AE signals based on amplitude [31,33] and
frequency [30, 34]. Amplitude based studies [31, 33] revealed contradictory amplitudes
ranges for the failure modes observed, whereas frequency based studies [30, 34, 35] as-
sociated matrix cracking with the low frequency range and fibre failure with higher
frequency ranges. Pattern recognition techniques using algorithms to associate input
signals to a particular cluster of events with previously known failure modes have also
been broadly investigated [36–39]. Moreover, Gutkin et. al [35] provided an extensive
work on three different pattern recognition techniques and then performed a frequency
based classification of several failure modes (Figure 2.2). Even though some failure
6
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Figure 2.2: Summary of the classification using frequency content. Adapted from [35].
modes were clearly identified, further work on high frequency ranges that appeared
unclear was proposed by the authors.
2.2.3 Data reduction methods
Because of its use in metals, one of the first data reduction approaches [23,24,40–43]
has been the calculation of the critical stress intensity factor, KIc, according to the
ASTM E399 [44] for isotropic materials:
KIc =
Pc
t
√
w
f (a/w) (2.1)
where Pc is the critical load leading to crack growth, t is the specimen thickness and
w represents the distance between the point where the load is applied and the right
hand edge of the specimen. f (a/w) is the geometry correction factor used in [44].
This method does not account for the material’s orthotropy [20,21,45,46]. The critical
energy release rate of the laminate, GLamIc , can be calculated from Equation (2.1) as:
GLamIc =
K2Ic√
2E1E2
√√√√√E1
E2
+ E12G12
− ν12 (2.2)
where E1 and E2 are the laminate Young’s moduli in the 1- and 2-directions, G12 is
the laminate shear modulus, and ν12 the Poisson’s ratio.
If the change of the specimen’s compliance C with the crack growth (∆a) is known,
the critical energy release rate can be calculated from:
GLamIc =
P 2c
2t
dC
da
(2.3)
The compliance of the specimen can be determined via the compliance calibration
method (CC), using values of crack length measured optically [47], or via the modified
compliance calibration (MCC), using compliance values measured for known machined
cracks lengths [21]. The area method in which the energy spent during crack propaga-
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tion is divided by the fractured area, has been previously disregarded due to lack of
accuracy [20,21].
FE (finite element) modelling is also another method proposed in the literature [20].
A CT specimen can be modelled with 1 mm thickness and loaded at P = 1 N to obtain
the J-integral, for a range of crack lengths. A normalised energy release rate is defined
according to:
f(a) = J
(1mm
N
)2
(2.4)
that can be used to calculate the laminate toughness as:
GIc =
(
P
t
)2
f(a) (2.5)
Recently, Catalanotti et al. [26] used a data reduction scheme that makes use of a
digital image correlation system to follow the location of the crack tip and to calculate
the J-integral. This method enabled the generation of real-time R-curves. Catalanotti’s
results correlated well with those from the MCC method [25], for the same material
system.
Laffan et al. [12] provide a comprehensive review of test specimens used, data reduc-
tion approach and data gathered. The author found that the data reduction methods
that relied on optical measurement of crack growth showed the highest error. In that
study, the MCC was found to be the most convenient method [21].
2.2.4 Size effect
2.2.4.1 Laminate thickness size effect
Harris and Morris [18, 22] tested several families of carbon/epoxy laminates with
different thicknesses (Figure 2.3). They obtained a noticeable size effect with respect
to the thickness of the laminate, whereby the toughness values converged for laminates
with more than 32-64 plies. However, in general, thick laminates showed a surface
boundary layer where matrix splitting, delaminations and fibre breaks were similar to
those observed on thinner laminates [18, 22]. In these studies, the fracture of thick
laminates was smooth and relatively free of delamination when compared to that of
thinner laminates. The fracture surfaces of thick specimens included more fibre break-
age extending collinearly with the starter cracks than the thinner specimens, which
explains the decrease, at low thicknesses, in toughness with thickness, as observed in
Figure 2.3. In fact, Harris and Morris [18] attribute the difference between fracture
8
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(a) [0/90]ns (b) [0/± 45]ns
(c) [0/± 45/90]n
Figure 2.3: Fracture toughness in function of the thickness of the laminate [18].
toughness values for thin and thick laminates to matrix cracks and delamination at the
crack tip.
Wisnom [48] investigated the effect of thickness on delamination. The author found
that the fracture energy was a function of the size of a plastic zone which relies on the
specimen geometry and applied stress.
Laffan et al. [19] tested cross-ply carbon/epoxy laminates with different thicknesses
and found no size effect. The effect of thickness size effect was investigated comparing
specimens CT-base and CT-thick in Figure 2.4. In light of the work by Harris and
Morris [18], this does not mean that the size effects did not exist. An alternative ex-
planation is that a thickness between 34-66 plies corresponded to the point of toughness
convergence for this layup and material system.
2.2.4.2 In-plane size effects
A size effect law was proposed by Baˇzant [49, 50] lying on the hypothesis that the
energy release rate relies on the length and area of the crack band. The size effect
9
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consisted of a smooth transition from the strength criterion for small specimens to
linear elastic fracture mechanics (LEFM) for large specimens [49,50]. Baˇzant measured
the size effect on the strength of carbon/epoxy cross-ply and quasi-isotropic laminates,
on double-edge-notched specimens [51]. The size effect law fitted the experiments and
was in accordance with the work done previously by Wisnom [48]. More recently,
Hallett and Wisnom [52] also observed a size effect in the toughness in (cross-ply and
quasi-isotropic) specimens with different in-plane dimensions. However, the results
appeared to converge to a constant value for larger specimen sizes.
Two sizes of CT specimens were investigated by Masters [24]. The author found
that the specimens with smaller size presented a critical stress intensity factor KLamIc
20% lower than the specimens with the dimensions doubled. However, the crack growth
in the smaller specimens was perpendicular to the intended growth direction, which,
most likely, influenced KLamIc .
Laffan et al. [19] tested cross-ply carbon/epoxy laminates with different in-plane
dimensions, and obtained no size effects (CT-base vs. CT-50 % and CT-100 % in
Figure 2.4).
2.2.4.3 Ply-blocking size effect
Prewo [41] investigated the influence of the layup sequence and ply-blocks on the
fracture toughness in cross-ply boron/aluminium (CT) laminates. The measured tough-
ness was found to depend on the thickness of ply-blocking. This was attributed to a
higher degree of pull-out observed in the fractured surfaces in specimens with ply-
blocks, as a result of the lower 90◦ plies ratio and, therefore, reduced constraining
effect in keeping the crack in the same plane.
Herakovich [53] demonstrated the influence of thickness on the toughness for
angle-ply laminates. By blocking plus/minus alternating plies as [±θ2]s, instead of
[−θ2/ + θ2]s, the toughness reached values as high as 2.7 times more. The author at-
tributed this phenomenon to the magnitude of the interlaminar shear stress and from
the examination of the fracture surfaces; different failure modes took place despite the
constituent plies having the same directions.
Vaidya et al. [54] studied the effect of blocking plies of the same orientation in quasi-
isotropic laminates. For reduced ply-blocks, no significant local damage was observed.
However, for four plies blocked together, different failure modes took place and the
damage extension led to a matrix dominated failure of the laminates.
Based on scanning electron microscope (SEM) observations of failed cross-ply lam-
inates, Pinho et al. [20] suggested that the fracture toughness of a block of 0◦ plies
should increase with the number of blocked plies. Wisnom et al. [55], using OHT speci-
10
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Figure 2.4: Comparison of critical strain energy release rates obtained for different
specimens [19].
mens, also observed a pronounced size effect with ply-blocking. More recently, Laffan et
al. [19] measured an increase of over 100% in the toughness values of the 0◦ plies when
two plies were blocked together in cross-ply laminates (v.s. no blocking), as observed
in Figure 2.4 (CT-base vs. CT-0◦).
2.3 Sequence of failure events
2.3.1 Cross-ply laminates
The failure process in cross-ply laminates is relatively well documented comparat-
ively to other families of laminates. According to Pinho et al. [20], the crack propagated
faster in the 90◦ plies and then locally propagated in the thickness direction towards
the 0◦ plies. The first fibres along the 0◦ plies failed at the 90◦ fracture plane, but
pull-out would then increase as the crack propagated towards the interior of the 0◦
plies (Figure 2.5). These findings were consistent with the blocking size effect later
observed by Laffan et al. [19].
2.3.2 Multidirectional laminates
Cruse and Stout [56] performed fractographic studies on multidirectional carbon/e-
poxy laminates using the three-point bending configuration. They concluded that the
fracture process could be divided into 3 stages (Figure 2.6). During the first stage,
some individual fibres and matrix may fail, without this resulting in full ply failure. In
11
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Figure 2.5: (a) SEM micrograph of the CT specimen’s fracture surface.
(b) The fibre pull-out depends on the distance to the 90◦ plies [20].
a second stage, entire plies fail (e.g. 90◦ plies) without this constituting failure of the
entire laminate. In a third stage, the load bearing plies fail and the entire laminate
collapses.
Potter [57] provided a qualitative understanding of the sequence of modes of failure
in notched carbon/epoxy laminates. The transition between a fibre dominated and a
matrix dominated mode was governed by the proportion of fibres in each direction, ply
thickness and layup sequence. Load-bearing plies generally failed first; the natural mode
of failure of the 0◦ plies is longitudinal splitting. However, off-axis plies prevented 0◦
from splitting (by increasing the transverse and in-plane shear strengths), maintaining
12
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Figure 2.6: Fracture surface of [0/± 45/90] laminate [56].
the stress concentration in the 0◦ plies, promoting a fibre failure mode. The behaviour
of 90◦/0◦/ ± 45◦/ laminates was generally similar to that of 0◦/ ± 45◦/, though the
location of mode transitions rely on the ±45◦/90◦ ratio.
Hallett and Wisnom [52] noticed that, in [45/90/− 45/02]s laminates, the off-axis
plies failed first than the mid-thickness 02 ligament. The failure was governed by matrix
failure (delamination).
Vaidya and Sun [54] also investigated the sequence of failure events in carbon/epoxy
laminates. They separated the failure processes into two different stages. In the first,
matrix crack relieve some of the stress concentration at the crack tip. The second
stage corresponded to fibre failure of the load-bearing plies (along 0◦ plies) causing the
laminate to fail. Fractography showed that only 0◦ plies failed due to fibre failure; all
other off-axis plies failed along matrix cracks.
Recently, Li et al. [58] investigated the influence of local damage ahead of the crack
tip in specimens with different ply-blocks. The authors analysed both the internal
(using C-scanning) and external damage. Damage was initiated with matrix cracking
and ply splitting that led to delamination and fibre failure. The increased tendency for
splitting and delamination was found in the laminates with thicker ply-blocks.
13
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2.4 Analytical studies
2.4.1 Rule of Mixtures
The rule of mixtures has been commonly used in the literature [19, 20, 46, 59, 60].
Cruse [61] proposed that a through thickness mode I crack for a general orthotropic
laminate could be related to the corresponding ply simply by a rule of mixtures ex-
pressed as:
GLamIc =
N∑
i=1
G
(i)
Ic
ti
t
(2.6)
where G(i)Ic is the ply fracture toughness and ti the weight of the ply thickness, to the
total laminate thickness, t. Equation (2.6) is only valid if the crack growth remains in
the same plane and if the damage zone size is small enough (when compared to the
specimens overall dimensions). The laminate fracture toughness was assumed to be
given from the contributions of both 0◦ and 90◦ (matrix cracking) plies, neglecting the
interactions arising between plies.
Pinho et al. [20] successfully measured the fracture toughness of cross-ply CT spe-
cimens by means of a rule of mixtures to obtain the fracture toughness of the 0◦ plies.
2.4.2 Equivalent stress and strain models
Neglecting any substantial damage that occurs prior to failure of the load-bearing
plies, the stress and strain in the latter can be calculated as a function of the laminate
forces using lamination theory.
Further assuming that the load-bearing ply should fail when the stress state reaches
a critical value in the load-bearing plies leads to the equivalent stress model proposed
by Konish et al. [62], and to the simplified version proposed by Vaidya and Sun [54].
Instead, further assuming that the load-bearing ply should fail when the strain state
in the load-bearing plies reaches a critical value leads to the equivalent strain model
proposed by Poe [63–65].
All these models have been compared to experiments [54, 61–65] and, occasionally,
to each other [54] using one or, at most, a few layups. It is unclear how they compare
to each other over a broad range of layups.
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All the aforementioned models will be explained in detail and compared to each
other in Chapter 5, as the experimental results for Chapter 3 will contribute to the
said comparisons.
2.5 Conclusions
Several specimen configurations and data reduction processes proved suitable for the
measurement of the translaminar fracture toughness. From these, the CT configuration
and the compliance calibration methods are particularly suitable and will, therefore,
be used in this thesis.
Size effects for in-plane specimen dimensions and for specimen thickness are not
significant once the dimensions are sufficiently large. The dimensions for CT specimens
used in [19, 20] are sufficiently large to avoid these effects, and will, therefore, be used
in this study.
Size effects for thickness of blocked plies appear to be significant but are not well
understood. These will, therefore, be addressed in detail in this work.
The merits of analytical models to relate the toughness of plies to those of laminates
have not been investigated for broad ranges of layups. We will, therefore, cover this
topic in this thesis.
15
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Chapter 3
Characterising translaminar
fracture toughness of cross-ply
and multidirectional CFRP
laminates
3.1 Introduction
Translaminar fracture toughness Gc plays a key role on how fracture develops.
It encompasses several energy-dissipating mechanisms, such as matrix cracking, fibre
pull-out, fibre fracture and delamination, thus playing a decisive role in determin-
Figure 3.1: Translaminar fracture toughness Gc plays an important role on how frac-
ture develops.
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ing the damage tolerance of composites structures and their response during damage
propagation [12,20,21,59,66]. While this property is of significant importance for mesh-
independent numerical modelling of translaminar fracture [19, 20, 67], it is not known
for which type of laminates does the hypothesis that the translaminar damage can be
represented as a crack hold. Laffan et al. [19] measured the fracture toughness of cross-
ply (CP) CT specimens of different sizes and concluded that the toughness measured
was specimen-independent, thus validating the concept of translaminar fracture tough-
ness for those cross-ply specimens. Laffan et al. [21] also studied the effect of increasing
the thickness of 0◦ ply-blocks and verified that translaminar fracture toughness was
significantly increased by the ply-thickness increase. The same was later observed by
Li et. al [58] in again cross-ply layups, but now using over-height compact tension
specimens. The current work focuses on more realistic layups.
Translaminar fracture gradually progresses through the build-up of sub-critical dam-
age (local material non-linearities) in the vicinity of the crack. If the crack growth is
self-similar and the damage zone is relatively small when compared to the specimens
dimensions, fracture mechanics can be, in principle, successfully applied [19, 20, 68, 69]
for characterizing translaminar fracture.
The size of the translaminar damage zone poses challenges to the accurate char-
acterization of translaminar fracture, particularly with reasonably-sized (i.e. small)
specimens. The aim of this work is to verify the suitability of compact tension (CT)
tests to characterize translaminar damage for different layups, the latter leading to
different extensions of diffuse damage.
This work presents experimental research on Compact Tension (CT) tests on sev-
eral T800s/M21 carbon-epoxy laminates with different combinations of 0◦, ±45◦ and
90◦ plies, and with various ply thicknesses. The experimental method is described
in section 3.2. Post-mortem techniques, such as X-ray, optical and scanning electron
microscopy, were used to determine the damage extent in each specimen. Acoustic
emission (AE) was also used to sequence the occurrence of the failure mechanisms (see
section 3.2.3). The resistance curve (R-curve) for each layup is extracted from the tests.
From each laminate R-curve, three distinct non-linear, initiation and propagation val-
ues are obtained for each layup and presented in section 3.3. The present work focused
on investigating ply failure mechanisms for different layups, both during the stages
of initiation and propagation, and on the effect of ply-blocking in the translaminar
toughness (section 3.4). Conclusions are summed up in section 3.5.
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Table 3.1: T800s/M21 properties provided by Hexcel [71,72].
Single fibre diameter [µm] 5
Number of filament tows 24000
Nominal ply Thickness [mm] 0.125
Fibre volume fraction [%] 60
Fibre areal weight [g/m2] 134
Resin density [g/cm3] 1.28
Fibre density [g/cm3] 1.80
Nominal laminate density [g/cm3] 1.58
3.2 Experimental method
3.2.1 Material System
The material system used in this work was the unidirectional (UD) carbon-epoxy
prepreg T800s/M21 provided by Hexcel. The T800s/M21 material system is a carbon
fibre-epoxy resin system consisting of intermediate modulus carbon fibres, with never
twisted tows, and a toughened epoxy resin, commonly used in the aerospace industry.
Information about the thermoplastics toughners used in the resin has not been disclosed
by the manufacturer.
The elastic ply properties of T800s/M21 for in-plane tension and shear were meas-
ured along the two principal material directions following standard tests at Imperial
College London (see Appendix A and [70], respectively). The experimental shear re-
sponse of the material system was found to be linear as presented in Appendix B.
Tables 3.1-3.2 present the relevant material properties, where subscripts 1 and 2 de-
note longitudinal and transverse direction in the plane of the fibre.
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Table 3.2: T800s/M21 measured elastic properties [70,73].
Measured
Average CoV
Longitudinal tensile strength [MPa] 3067 5.2
Longitudinal tensile modulus E1 [GPa] 160.4 5.3
Transverse tensile strength [MPa] 43.9 7.6
Transverse tensile modulus E2 [GPa] 9.3 0.2
Longitudinal compressive strength [MPa] 143 5.2
Longitudinal compressive modulus E1c [GPa] 1.39 8.8
Transverse compressive strength [MPa] 9.86 3.5
Transverse compressive modulus E2c [MPa] 165 2.9
Major Poisson’s ratio ν12 0.33 0.02
Shear modulus G12 [GPa] 4.81 1.5
In-plane shear strength S12 [MPa] 83.0 2.8
3.2.2 Specimen and layup configuration
Plates with layups shown in Table 3.3 were prepared to measure the intralaminar
toughness and several values of translaminar toughness, both for unblocked and blocked
0◦ plies, and for multidirectional laminates. The layups were carefully chosen to make
sure that the outer plies were 90◦’s to prevent splitting in the 0◦ near the surface [18].
Different specimens were manufactured from these plates, as detailed below.
For specimens without blocked plies, numerous previous studies on other carbon-
epoxy systems with CP layups and UD plies [12, 19, 20, 25, 46] have successfully used
the CT configuration initially proposed by Pinho et al. [20]. For this reason, the same
CT configuration was used directly.
For specimens with blocked plies, a study by Laffan et al. [19] succeeded in meas-
uring the translaminar fracture toughness for blocked plies in a different carbon/epoxy
system. Therefore, the same configuration was initially used in this study for specimens
with blocked plies, instead of carrying out an extensive virtual design of the specimens.
Unfortunately, for some layups, the CT specimens failed at the back, probably because
of the toughened resin used in this study. At this stage, virtual design of the speci-
mens using FE could have been carried out, as proposed by Blanco et al. [28, 29] for
NCF composites. However, since the tapered specimen strategy proposed by Blanco
et al. [28, 29] could be adapted easily to CT specimens that had already been manu-
factured, it was more expedite to carry out a simple parametric analysis to obtain the
most suitable tapering parameters for the T800s/M21 material system. The parametric
study was therefore carried out in the framework of an MEng project co-supervised by
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(a) CT specimen (b) Tapered CT (2TCT) specimen
(c) DCB specimen with aluminium end blocks attached.
Figure 3.2: Specimens dimensions and fibre directions. All dimensions are in mm.
the author [73]. As it will be seen later in this chapter, this approach proved to be
successful.
In summary, layups A, B, G, H, J and K (see Table 3.3) were tested using standard
CT specimens with dimensions shown in Figure 3.2a, while layups C-F, I and L were
tested using tapered CT (2TCT) specimens with dimensions shown in Figure 3.2b.
The mechanical properties of each layup were calculated using lamination theory
and can be found in Appendix C.
Double cantilever beam (DCB) specimens were used, in spite of CTs, to measure
the intralaminar toughness of the material. Fully developed cracks could not take
place when using CT specimens, as its width was not long enough, giving only partial
R-curves. The dimensions and orientation of the DCB specimens are represented in
Figure 3.2c.
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(a) CT specimen’s crack tip. (b) CT crack tip using an optical microscope.
Figure 3.3: Notch tip morphologies in CT specimens.
All layups were manufactured using hand lay-up and cured in an autoclave according
to the manufacture recommendations, as specified for the M21 resin system [71]. Once
cured, a wet saw was used to cut the rectangular plates into the specimen’s geometry
(Figure 3.2). Two 8mm holes were drilled using a carbide tipped drill. A notch was
machined by means of a diamond coated disk-saw to guarantee an accurate and sharp
crack tip [25]. The morphology of the crack tip, that can be typically obtained with this
process, is shown in Figure 3.3. The pre-crack of the DCB specimens was manufactured
using of a wire saw. A thin coat of white paint was applied to the surface of each
specimen, with a scale in mm drawn on the surface to visually monitor the crack
growth. As a final step, aluminium end blocks were attached to the sides of the DCB
specimens by means of a 2-part adhesive (3M Scotch-Weld 9323 B/A).
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Table 3.3: Investigated layups. 0◦ is aligned with the direction of the applied load
Layup ID Layup Purpose of Layup Thickness [mm]
DCB [9034] GIc of 90◦ 4.25
A [(90/0)8/90]s GIc of 0◦ 4.25
B [(906/0)2/903]s GIc of 0◦ 4.25
C [(905/02)2/903]s GIc of 0◦2 4.25
D [9010/02/905]s GIc of 0◦2 4.25
E [909/03/905]s GIc of 0◦3 4.25
F [905/02/906/0/903]s GIc of 0◦ and 0◦2 4.25
G [906/45/906/− 45/903]s GIc of 45◦ 4.25
H [906/− 45/45/904]s GIc of ±45◦ 3.00
I [905/− 452/905/452/903]s GIc of ±45◦2 4.25
J [906/45/0/− 45/903]s GIc of the laminate 3.00
K [90/45/0/− 45]3s GIc of the laminate 3.00
L [902/02/452/− 452/90/0/45/− 45]s GIc of the laminate 3.00
3.2.3 Testing and post-mortem
At least six CT specimens for each layup (A-L), indicated in Table 3.3, were tested
using an Instron machine with a 10 kN load cell. Twelve DCB specimens were tested
using a 1 kN load cell since much lower loads were expected for these specimens. Each
specimen was loaded under displacement control, at a constant rate of 0.2mm/min to
obtain quasi-static conditions. For each layup, the loading for one additional specimen
was interrupted before reaching the average respective peak load, in order to evaluate
the extension of damage at this stage. All ‘elastically’ loaded specimens were tapered
in order to facilitate comparisons between layups.
The specimens were monitored using Acoustic Emission (AE). Signals were collected
and analysed for all layups. It should be noted that DCB specimens ([90]34) were not
monitored using AE. [90]34 CT specimens were used instead so that the AE sensors
could be more easily attached. A classification of the different failure mechanisms was
identified. The sensors used were broadband sensors operating at a pre-amplification
level of 20 dB and were placed symmetrically, secured by small clamps with silicon
grease in between.
All the inspected specimens were wedged before unloading in order to prevent crush-
ing and to keep the fracture surfaces intact. Post-mortem analyses, such as X-ray and
optical and scanning electron microscopy (SEM), enabled the identification of the size
of the damage zone, different damage modes, as well as the sequence of failure, and
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Figure 3.4: Polishing direction so that the crack path can be observed on the optical
microscope.
the confirmation that the crack propagated in the same plane than that of the initial
notch.
X-ray technology was used to examine the failure modes and damage extension for
the different laminates. An organic penetrant (dibromomethane) was used to highlight
the damage within the specimens. The specimens were immersed in dibromomethane
for 5 minutes and then dwelled for another 20. The specimens were then exposed for
140 seconds to the X-Ray tube voltage which was chosen accordingly to the specimens
thickness: 24 kV and 18 kV for the 4 and 3mm thick specimens, respectively.
The crack propagation path was investigated through optical microscopy in the
through-the-thickness section, as represented in Figure 3.4. Each ply was polished
away until the reaching the ply of interest. The specimen was then placed under the
microscopy and thoroughly analysed (see section 3.3.3.3). A sequence of plies were
polished away in the same specimen, for multi-directional laminates, to evaluate the
interactions between neighbouring plies.
The failure mechanisms, at the level of the ply, were characterized using a Hitachi
S-3400N SEM, operating at an acceleration voltage of 5-15 kV. Two representative spe-
cimens of each layup were cut and attached onto aluminium stubs. Compressed air was
sprayed over each specimen to remove any dust or debris traces. The specimens were
sputter-coated with gold and painted on the side with silver dag to ensure electrical
conductivity.
24
Characterising translaminar fracture toughness of CP and MD CFRP laminates
3.2.4 Data Reduction
3.2.4.1 Compact tension (CT)
3.2.4.1.1 Laminate fracture toughness
The data reduction for both CT and 2TCT specimens was done using the modified
compliance calibration method [20,21,29]. The modified compliance calibration method
relies on the material linearity which is consistent with the elastic linearity behaviour
exhibited by the specimens before reaching the respective critical load (see section
3.3 and Appendix B). The compliance C calibration vs. crack length a curve was
obtained using Finite Element (FE) (see Appendix C). A half CT and 2TCT specimen
were modelled on ABAQUS/Standard [74] as a shell (S4R elements) and homogeneous
properties calculated using lamination theory were used for input. An equivalent single
layer approach was used to represent the multi-layered specimens as no differences were
previously noticed in an equivalent layer-wise model. Models were 1mm thick and a
1N load was applied at the position of the loading pin.
Figure 3.5: FE mesh of half of a 2TCT specimen.
Using 1mm increments, the full compliance C versus crack length a response, for
each CT layup in Table 3.3 was obtained numerically. The numerical Cnum vs. a data
was plotted and fitted according to:
Cnum(a) = (αa+ β)χ (3.1)
where α, β, and χ were calculated to best fit the experimental data for each layup.
For the initial crack length a0, which is well determined, the compliance of the
machine is calculated as:
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Cm = Cexptot (a0)− Cnum(a0) (3.2)
where Cexptot (a0) is the total compliance measured experimentally for the initial crack
length (using a best fit to the linear part of the curve), Cnum(a0) is the compliance
obtained numerically as described above for the same crack length, and finally, Cm is
the machine compliance. It should be noted that Cm is not a function of a and that it
actually represents the combined compliance of the machine and fixtures.
At any instant during the test, the experimental compliance Cexptot can be calculated
as:
Cexptot (a) =
dtot
P
(3.3)
where dtot and P are displacements given by the machine (including the compliance
effect of the machine and of the fixtures) and the applied load at a given crack length
a, respectively, and both are measured experimentally. Therefore, the specimen com-
pliance at the same instant is:
Cexp(a) = Cexptot (a)− Cm (3.4)
The effective crack length corresponding to that same instant can be obtained re-
arranging Equation (3.1):
aeff =
[Cexp(a)]
1
χ − β
α
(3.5)
Finally, the energy release rate can be calculated as:
GI =
P 2
2t
dCexp
da (3.6)
where
dCexp
da = χα (αaeff + β)
χ−1 (3.7)
During crack growth (P ≡ Pc), the energy release rate corresponds to the toughness
(GI ≡ GIc):
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GIc =
P 2c
2t
dC
da (3.8)
and the critical energy release rate of the laminate GLamIc is determined by:
GLamIc =
P 2c
2t
dC
da (3.9)
where Pc is the maximum measured load that initiates fracture and t is the specimen’s
thickness.
Three different toughnesses were measured in this work: non-linearity onset, ini-
tiation and propagation. The non-linearity onset was defined at the last point where
the load-displacement curve ceases being perfectly linear. An initiation value was cal-
culated through a linear regression of toughness values between the non-linearity onset
and propagation. The latter was taken from an average of the energy values, at the
point of where the R-curve had levelled out and was fairly constant (steady-state).
One of the main advantages of this data reduction method is that it does not rely
on the observation of the surface of the specimen [21]. This is important as the external
plies of the specimen do not reflect the actual crack tip growth; the crack front is not
necessarily uniform through the thickness of the specimen, and delamination close to
the crack causes the strain field to relax.
3.2.4.1.2 Ply fracture toughness
Once the critical energy release rate for the laminate was obtained, the critical
energy release rate for the ply of interest (see Table 3.3) was calculated by accounting
for the toughness corresponding to matrix-cracking in the 90◦ layers using superposition
(rule of mixtures). Following previous work [16,20,21,61], intralaminar toughness was
found similar to the interlaminar toughness between 0◦ plies. This procedure neglects
other damage modes such as delamination, as well as any interaction between matrix
cracking and the fibre dominated failure modes, and assumes that a single matrix
crack parallel to the pre-crack occurs in the 90◦ layers. A comparison between this
and other methods will be carried out in Chapter 5. The fracture toughness for a
through-the-thickness mode I crack for a general orthotropic laminate can be related
to the toughness of the individual plies by the rule of mixtures expressed as:
GLamIc =
∑N
i=1GIciti
tLam
(3.10)
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where GLamIc represents the critical strain energy release rate for the laminate, GIci
represents the critical strain energy release rate for each ply, tLam is the total laminate
thickness and ti is the total thickness for all plies oriented at an angle i. Assuming a
bidirectional i/90 laminate, equation 3.10 can be solved for the toughness of a specific
ply at an angle i is given by:
GIci =
GLamIc tLam −G90Ic t90
ti
(3.11)
3.2.4.2 Double cantilever beam (DCB)
3.2.4.2.1 Intralaminar fracture toughness
The experimental compliance of a DCB specimen was calculated from elementary
beam theory, as defined in the corresponding ASTM standard [14]:
C =
2
(
a+ χw2
)3
3E1I
(3.12)
where E1 is the Young’s Modulus along the fibre direction, I is the second moment of
area of each bending arm, χ represents the correction factor and w is the width of the
specimen. The correction factor can be directly calculated from the elastic constants
of the beam [75]:
χ =
[
1
13k
(
E1
G12
){
3− 2
( Γ
1 + Γ
)2}] 12
(3.13)
where k = 0.85 for a DCB specimen, and Γ is represented as:
Γ = (E1E2)
kG12
1
2
(3.14)
Replacing Equation (3.12) in Equation (3.9), the critical energy release rate is ob-
tained by:
GIc =
P 2
t
(
a+ χw2
)2
E1I
(3.15)
The initiation toughness values were determined as the first toughness measurement.
The propagation was taken from an average of the energy values, as previously defined
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for the CT specimen. The large displacement and end-block correction specified in
ASTM standard [14] were also applied, although they had negligible effect.
3.3 Results
3.3.1 Load-displacement curves
For all laminates other than [90]34 (see Figure 3.6a), a stick-slip crack typically
growth was observed (see Figures 3.6 and 3.7). Failure was taken as being the first
significant load-drop in the load-displacement curve. Upon reaching the critical load,
fracture propagated consistently, along the specimen’s length, and arrested at some
lower value of load. All layups provided populated load-displacement curves.
(a) DCB [90]34 specimens.
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(b) Layup A: [(90/0)8/90]s (c) Layup B: [(906/0)2/903]s
(d) Layup C: [(905/02)2/903]s (e) Layup D: [(9010/02/905]s
(f) Layup E: [909/03/905]s (g) Layup F: [(905/02/906/0/903]s
Figure 3.6: Experimental load-displacement curves for DCB and cross-ply laminates.
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(a) Layup G: [906/− 45/906/45/903]s (b) Layup H: [906/− 45/45/903]s
(c) Layup I: [905/− 452/905/452/903]s (d) Layup J: [906/45/0/− 45/903]s
(e) Layup K: [90/45/0/− 45]3s (f) Layup L: [902/02/452/− 452/90/0/45/− 45]s
Figure 3.7: Experimental load-displacement curves for laminates containing 45◦ plies
and multi-directional laminates.
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3.3.2 Acoustic emission monitoring
3.3.2.1 "Elastic-loaded" specimens
All specimens were monitored using AE. The signals collected from the specimens
loaded in the ‘elastic’ part (section 3.3.2.1) are presented in the form of bands over-
lapped with the respective load-displacement curve, in Figure 3.8-3.9. Each blue lozenge
(♦) corresponds to an AE occurrence.
(a) UD: [90]34
Figure 3.8: Peak frequency results from AE during ‘elastic’ loading for UD and CP
laminates B, D, E and F.
32
Characterising translaminar fracture toughness of CP and MD CFRP laminates
(b) Layup A: [(90/0)8/90]s
(c) Layup B: [(906/0)2/903]s
(d) Layup C: [(905/02)2/903]s (e) Layup D: [(9010/02/905]s
(f) Layup E: [909/03/905]s (g) Layup F: [(905/02/906/0/903]s
Figure 3.8: Peak frequency results from AE during ‘elastic’ loading for UD and CP
laminates B, D, E and F.
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(a) Layup G: [906/− 45/906/45/903]s (b) Layup H: [906/− 45/45/903]s
(c) Layup I: [905/− 452/905/452/903]s (d) Layup J: [906/45/0/− 45/903]s
(e) Layup K: [90/45/0/− 45]3s (f) Layup L: [902/02/452/− 452/90/0/45/− 45]s
Figure 3.9: Peak frequency results from AE during ‘elastic’ loading for laminates
containing 45◦ plies and multi-directional laminates G-L.
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3.3.2.2 Peak frequency material characterization
A more thorough analysis (section 3.3.2) was done for the UD (DCB), non-blocked
bi-directional layups (B, G) and for all three multi-directional layups (G-I) (see Figure
3.10). This choice of layups was done to isolate failure mechanisms that happen at the
ply-level so that the more complex mechanisms in the multi-directional layups could
be interpreted. A specimen type L was elastically loaded three consecutive times to
ascertain the extension of damage prior to reaching the laminate’s peak load.
Peak frequency distributions were generated for each layup from AE monitoring.
In all laminates, five frequency bands were recognised as shown in Figure 3.10. These
bands have been defined as b1, b2, b3, b4 and b5. Table 3.4 assigns the respective
frequency to each one of the overall bands. It should be noted that DCB specimens
([90]34) were not monitored using AE. [90]34 CT specimens were used instead so that
the AE sensors could be more easily attached.
Table 3.4: Peak frequency bands obtained from AE monitoring.
Band Frequency range [kHz]
b1 0− 100
b2 100− 200
b3 240− 280
b4 300− 350
b5 400− 500
(a) DCB 9034
Figure 3.10: Load-displacement curves overlapped with AE peak frequencies.
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(b) Layup B: [(906/0)2/903]s (c) Layup G: [906/− 45/906/45/903]s
(d) Layup J: [906/45/0/− 45/903]s (e) Layup K: [90/45/0/− 45]3s
(f) Layup L:
[902/02/452/− 452/90/0/45/− 45]s
(g) Layup L cyclically loaded:
[902/02/452/− 452/90/0/45/− 45]s
Figure 3.10: Load-displacement curves overlapped with AE peak frequencies.
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3.3.3 Post-mortem
3.3.3.1 Naked-eye observation
Towards the end of each test, fibre bridging (Fig. 3.11) was remarkably observed
in the DCB specimens and noticeable in all other layups.
(a) Representative DCB specimen exhibiting fibre bridging (highlighted in red).
(b) Representative CT specimen exhibiting fibre bridging (highlighted in red).
Figure 3.11: Fibre bridging observed in all layups. 3.11a and 3.11b show represent-
ative specimens.
3.3.3.2 X-ray
The variation of the size of the damage zone for all layups was investigated via
X-ray imaging in Figures 3.12-3.15. Figures 3.12 and 3.13 were taken from layups
where specimens were loaded until 90% of the average peak load had been reached,
approximately. It should be noted that [90]34 CT specimens were used instead of DCB
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so that a more direct damage comparison could be accomplished. Figures 3.14 and 3.15
are from fully tested specimens.
(a) [90]34 at P=0.18 kN
Figure 3.12: X-ray imaging of [90]34 and CP laminates shows damage prior to peak
load Pmax.
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(b) Layup A: [(90/0)8/90]s at P=4.79 kN (c) Layup B: [(906/0)2/903]s at P=1.75 kN
(d) Layup C: [(905/02)2/903]s at P=2.82 kN (e) Layup D: [(9010/02/905]s at P=2.18 kN
(f) Layup E: [909/03/905]s at P=3.75 kN (g) Layup F: [(905/02/906/0/903]s at P=2.77 kN
Figure 3.12: X-ray imaging of [90]34 and CP laminates shows damage prior to peak
load Pmax.
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(a) Layup G: [906/− 45/906/45/903]s at P=1.15 kN (b) Layup H: [906/− 45/45/903]s at P=1.26 kN
(c) Layup I: [905/− 452/905/452/903]s at P=2.89 kN (d) Layup J: [906/45/0/− 45/903]s at P=1.77 kN
(e) Layup K: [90/45/0/− 45]3s at P=3.44 kN (f) Layup L: [902/02/452/−452/90/0/45/−45]s at P=4.12 kN
Figure 3.13: X-ray imaging of MD laminates shows damage prior to peak load Pmax.
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(a) UD: [90]34
Figure 3.14: X-ray imaging shows the damage after testing. The blocking of 0◦ plies
leads to more diffuse damage.
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(b) Layup A: [(90/0)8/90]s (c) Layup B: [(906/0)2/903]s
(d) Layup C: [(905/02)2/903]s (e) Layup D: [(9010/02/905]s
(f) Layup E: [909/03/905]s (g) Layup F:[(905/02/906/0/903]s
Figure 3.14: X-ray imaging shows the damage after testing. The blocking of 0◦ plies
leads to more diffuse damage.
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(a) Layup G: [906/− 45/906/45/903]s (b) Layup H: [906/− 45/45/903]s
(c) Layup I: [905/− 452/905/452/903]s (d) Layup J: [906/45/0/− 45/903]s
(e) Layup K: [90/45/0/− 45]3s (f) Layup L: [902/02/452/− 452/90/0/45/− 45]s
Figure 3.15: X-ray imaging shows the damage after testing. 0◦ plies in the neigh-
bourhood of 45◦ plies increase delamination.
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3.3.3.3 Optical microscopy
Representative micrographs are presented in Figures 3.16a-3.17, and typical SEM
images of the fracture surfaces are shown in Figures 3.18a-3.19. No SEM images could
be taken from layup I as no crack growth occurred prior to the failure of the specimen.
Notch tip
1mm
(a) UD: [90]34
Notch tip
1mm
(b) Layup A: [(90/0)8/90]s
Notch tip
1mm
(c) Layup B: [(906/0)2/903]s
Notch tip
1mm
(d) Layup C: [(905/02)2/903]s
Notch tip
1mm
(e) Layup D: [(9010/02/905]s
Notch tip
1mm
(f) Layup E: [909/03/905]s
Notch tip
1mm
(g) Layup F: [(905/02/906/0/903]s
Figure 3.16: Micrographs of CT laminates show a stepped crack path. The size of
the steps increases when blocking 0◦ plies.
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(a) Layup G: [906/− 45/906/45/903]s
(b) Layup H: [906/− 45/45/903]s
Figure 3.17: Micrographs show tooth-saw crack path.
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(c) Layup J: [906/45/0/− 45/903]s
Figure 3.17: Micrographs in multi-directional laminates showing the interaction of
adjacent plies. The crack jumps appeared to exhibit an approximate
constant length along the crack growth.
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3.3.3.4 Scanning electron microscopy
Representative micrographs are presented in Figures 3.16a-3.22, and typical SEM
images of the fracture surfaces are shown in Figures 3.18a-3.19. No SEM images could
be taken from layup I as no crack growth occurred prior to the failure of the specimen.
(a) SEM fracture surfaces showing loose fibres and fibre
bridging.
Figure 3.18: SEM fracture surfaces of UD and CP laminates showing bundles of fibres
pulled out. The pull-out height increases when blocking 0◦ together.
Crack propagates from the bottom left corner to the right top corner.
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(b) Layup A: [(90/0)8/90]s (c) Layup B: [(906/0)2/903]s
(d) Layup C: [(905/02)2/903]s (e) Layup D: [(9010/02/905]s
(f) Layup E: [909/03/905]s (g) Layup F: [(905/02/906/0/903]s
Figure 3.18: SEM fracture surfaces of UD and CP laminates showing bundles of fibres
pulled out. The pull-out height increases when blocking 0◦ together.
Crack propagates from the bottom left corner to the right top corner.
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(a) Layup G: [906/− 45/906/45/903]s (b) Layup H: [906/− 45/45/903]s
(c) Layup J: [906/45/0/− 45/903]s
(d) Layup K:
[90/45/0/− 45]3s
(e) Layup L:
[902/02/452/− 452/90/0/45/− 45]s
Figure 3.19: SEM fracture surfaces of MD laminates showing bundles of fibres pulled
out. The pull-out height increases when blocking 0◦ together. Crack
propagates from the bottom left corner to the right top corner.
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Figure 3.20: Fracture surface detail at the crack tip of a specimen with layup K
showing splits originated at the notch tip along both +45◦ 1 and 0◦
2 plies. Delamination at 0◦/ + 45◦ and −45◦/90◦ interfaces 3 , 4
is easily detected. The local crack growth from the 90◦ plies into the
adjacent 45◦ ply, towards the upper left corner, could be determined as
highlighted at 5 .
Figure 3.21: ±45◦ splits acted as a trigger in failure of the 0◦ plies in MD lamin-
ates. Layup K: 1 split along 45◦. 2 Delamination at interface. 3
Longitudinal split. 4 Failure of load-bearing ply.
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Figure 3.22: 0◦ fibre ends from specimen with layup K showing both tension 1 and
compression 2 features.
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3.3.4 Laminate fracture toughness
The intralaminar R-curves are shown in Figure 3.23. A representative DCB and
a CT R-curve were overlapped to verify if initiation depended on the geometry of the
specimen (Figure 3.24). This subject is further elaborated in Appendix D. The average
critical energy release rates obtained for initiation and propagation are listed in Table
3.7.
For each CT specimen, three toughness values were measured: non-linearity onset,
initiation and propagation. All three toughnesses are presented in Tables 3.5 and 3.6
at the laminate level. Figures 3.25 and 3.26 present the R-curves for all cross-ply
laminates (A-F) and for the remaining laminates (G-L), respectively.
Figure 3.23: UD: [90]34
Figure 3.24: Overlapping of R-curves for a CT and a DCB [90]34 specimens. (A)
represents initiation. (B) represents the point at which the damage
zone has fully developed. (C) refers to a point after steady-state was
achieved.
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(a) Layup A: [(90/0)8/90]s (b) Layup B: [(906/0)2/903]s
(c) Layup C: [(905/02)2/903]s (d) Layup D: [(9010/02/905]s
(e) Layup E: [909/03/905]s (f) Layup F: [(905/02/906/0/903]s
Figure 3.25: R-curves for laminate-level translaminar fracture toughness for cross-
ply laminates A-F. The non-linear onset of failure is defined as the first
toughness value. The intersection between the dashed lines at an angle
and the vertical axes define the initiation toughness. The horizontal
dashed lines indicate the propagation toughness.
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(a) Layup G: [906/− 45/906/45/903]s (b) Layup H:[906/− 45/45/903]s
(c) Layup I: [905/− 452/905/452/903]s (d) Layup J: [906/45/0/− 45/903]s
(e) Layup K: [90/45/0/− 45]3s (f) Layup L: [902/02/452/− 452/90/0/45/− 45]s
Figure 3.26: R-curves for laminate-level translaminar fracture toughness for bi-
directional laminates G-I and multi-directional laminates J-L. The non-
linear onset of failure is defined as the first toughness value. The in-
tersection between the dashed lines at an angle and the vertical axes
define the initiation toughness. The horizontal dashed lines indicate the
propagation toughness.
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Table 3.5: Average laminate initiation and propagation values of critical energy re-
lease rates for CP layups: A-E.
Layup
GIc GIc GIc
Non-linearity Initiation Propagation
onset [kJ/m2] [kJ/m2] [kJ/m2]
(CoV [%]) (CoV [%]) (CoV [%])
A 31.4 99.3 137.5
[(90/0)8/90]s (20.0) (2.0) (7.4)
B 13.19 22.02 33.03
[(906/0)2/903]s (16.6) (10.1) (8.3)
C 10.1 60.0 190.3
[(905/02)2/903]s (24.4) (33.2) (16.7)
D 14.0 41.4 88.8
[(9010/02/905]s (15.9) (13.7) (22.0)
E 19.83 91.05 181.5
[909/03/905]s (11.8) (21.23) (14.3)
F 22.6 44.8 121.5
[(905/02/906/0/903]s (16.3) (7.2) (19.9)
Table 3.6: Average laminate initiation and propagation values of critical energy re-
lease rates for layups containing 45◦ and 90◦ plies: G-I.
Layup
GIc GIc GIc
Non-linearity Initiation Propagation
onset [kJ/m2] [kJ/m2] [kJ/m2]
(CoV [%]) (CoV [%]) (CoV [%])
G 4.94 13.41 23.63
[906/− 45/906/45/903]s (15.6) (21.5) (2.62)
H 7.86 18.12 33.44
[906/− 45/45/903]s (30.1) (40.5) (13.23)
I 17.31 36.16 -
[905/− 452/905/452/903]s (13.4) (7.7) (-)
J 24.35 31.31 59.98
[906/45/0/− 45/903]s (12.9) (9.7) (8.92)
K 68.46 77.22 162.59
[90/45/0/− 45]3s (6.4) (8.5) (6.8)
L 65.07 84.83 > 142.96
[902/02/452/− 452/90/0/45/− 45]s (14.8) (7.6) (7.6)
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3.3.5 Ply fracture toughness
All ply-level R-curves are presented in Figures 3.27 and 3.28, for CP and all other
layups, respectively. Tables 3.8 and 3.9 present the three measured toughnesses (non-
linearity, initiation and propagation) values at the level of the ply.
Table 3.7: Average ply initiation and propagation values of critical energy release rates
for DCB specimens.
Layup Ply
GIc GIc
Initiation Propagation
[kJ/m2] [kJ/m2]
(CoV [%]) (CoV [%])
DCB 90◦ 0.303 2.770
[90]34 (12.5) (18.3)
Table 3.8: Average ply initiation and propagation values of critical energy release rates
for CP layups: A-E.
Layup Ply
GIc GIc GIc
Non-linearity Initiation Propagation
onset [kJ/m2] [kJ/m2] [kJ/m2]
(CoV [%]) (CoV [%]) (CoV [%])
A 0◦ 80.5 209.1 301.2
[(90/0)8/90]s (11.7) (3.2) (6.7)
B 0◦ 90.5 184.5 283.5
[(906/0)2/903]s (14.8) (10.3) (8.7)
C 0◦2
41.7 254.3 807.1
[(905/02)2/903]s (25.0) (33.3) (16.7)
D 0◦2
104.2 319.7 843.71
[(9010/02/905]s (8.3) (6.15) (19.4)
E 0◦3
114.9 527.8 1069.2
[909/03/905]s (12.0) (20.3) (14.3)
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(a) Layup A: [(90/0)8/90]s (b) Layup B: [(906/0)2/903]s
(c) Layup C: [(905/02)2/903]s (d) Layup D: [(9010/02/905]s
(e) Layup E: [909/03/905]s
Figure 3.27: R-curves for ply-level translaminar fracture toughness for cross-ply lam-
inates A-E. The non-linear onset of failure is defined as the first tough-
ness value. The intersection between the dashed lines at an angle and
the vertical axes define the initiation toughness. The horizontal dashed
lines indicate the propagation toughness.
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(a) Layup G: [906/− 45/906/45/903]s (b) Layup H:[906/− 45/45/903]s
(c) Layup I: [905/− 452/905/452/903]s
Figure 3.28: R-curves for ply-level translaminar fracture toughness for bi-directional
laminates G-H. The non-linear onset of failure is defined as the first
toughness value. The intersection between the dashed lines at an angle
and the vertical axes define the initiation toughness. The horizontal
dashed lines indicate the propagation toughness.
Table 3.9: Average ply initiation and propagation values of critical energy release rates
for layups containing 45◦ and 90◦ plies: G-I.
Layup Ply
GIc GIc GIc
Non-linearity Initiation Propagation
onset [kJ/m2] [kJ/m2] [kJ/m2]
(CoV [%]) (CoV [%]) (CoV [%])
G 45◦ 39.53 111.66 200.41
[906/− 45/906/45/903]s (16.5) (23.6) (3.5)
H ±45◦ 42.36 109.6 181.61
[906/− 45/45/903]s (24.0) (12.6) (14.5)
I 45◦2
72.60 153.58 -
[905/− 452/905/452/903]s (13.6) (6.7) -
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3.3.6 Predicted laminate toughness
The toughness for all three multidirectional layups (G-I) was predicted and calcu-
lated as described in section 3.2.4, and is presented in Table 3.10.
Table 3.10: Laminate initiation and propagation values of critical energy release rates
predicted using the rule of mixtures for laminate F and MD layups: J-L.
Layup
GIc GIc GIc
Non-linearity Initiation Propagation
onset [kJ/m2] [kJ/m2] [kJ/m2]
(diff [%]) (diff [%]) (diff [%])
F 17.49 48.36 109.40
[(905/02/906/0/903]s (22.8) (7.9) (10.0)
J 14.36 34.21 59.10
[906/45/0/− 45/903]s (41.0) (9.3) (0.2)
K 42.47 102.04 171.77
[90/45/0/− 45]3s (37.4) (24.3) (5.3)
L 42.47 102.04 171.77
[902/02/452/− 452/90/0/45/− 45]s (34.7) (20.3) (-)
3.4 Discussion
3.4.1 Acoustic emission characterisation
3.4.1.1 Peak frequency analysis
The signals from the AE system were analysed in order to establish patterns from
the peak frequencies distribution. To avoid redundancy, only AE results from θ/90◦
(A, C, D) and multi-directional (J-L) laminates were considered in this study. Five
frequency bands (Figures 3.8-3.10 and Table 3.4) were consistently recognized in all
layups (A-L) and were defined following Gutkin et al. [76].
The lowest frequency band, b1, started early in the tests and occurred throughout
the whole experiment in all cases. The number of occurrences in b1 appeared to increase
at the onset of non-linearity and on the onset of crack growth (immediately before each
crack jump). In the UD specimens ([90]34), initial failure emerged with the generation
of micro-cracks at the notch that propagated parallel to the fibres. As a result, such
specimens presented the highest number of events in this band. Peak frequency band
b1 is, therefore, likely to be related with matrix micro-cracking.
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The second band, b2, was mostly absent during the ‘elastic’ region, with the excep-
tion of blocked cross-ply laminates (Fig. 3.8e-3.8f). Peak frequencies b2 appeared in all
laminates fully tested, more prominently in θ/90◦ laminates (Fig. 3.10b-3.10c). This
frequency band was thought to be related to delamination as previous X-ray imaging
(Figures 3.14e-3.14g) corroborated: delamination growth came at a later stage in the
tests and occurred more evidently in 90◦/θ laminates rather than in multi-directional
laminates, where it appeared to be contained by the neighbouring plies interaction.
Since matrix failure is the main failure mechanism during delamination, it is reas-
onable to assume that the first two peak frequency bands, b1 and b2, resulted from
matrix cracking.
It was noticed that immediately before each load-drop in the load-displacement
curves (Fig. 3.10b-3.10f), a significant cluster of occurrences in bands b3 and b4
happened at those instants. The number of events in these bands increased towards
the end of the experiments. Given the stage where these occurrences took place, it
would be reasonable to assume that they are related to fibre failure mechanisms: fibre
and matrix separated via splitting which led to fibre breakage. Frequency band b3 was
observed to be extremely populated in the UD specimens (Fig. 3.10a) and in speci-
mens containing a high number of 90◦ plies (Fig. 3.10b-3.10d)). For this reason, it was
reasonable to associate band b3 with fibre/matrix debonding, and band b4 with fibre
breakage.
Both bands b3 and b4 were noticed to start close to one another, while band b5
appeared after the peak load had been surpassed. The latter could be an indication
of fibre bridging as observed in all specimens, especially towards the end of each test.
UD and layup D type specimens presented clear fibre bridging, even to the naked eye
(Figure 3.11), and, subsequently, showed the highest number of occurrences in band
b5 (Fig. 3.10a and 3.10c, respectively). Such array of events agrees with the sequence
of failure mechanisms during fibre bridging: fibre/matrix split, fibre failure and fibre
pull-out.
Some events were found close to the fibre failure bands which could be a result of
friction on the micro-cracks surfaces generated in the previous loading ( [76,77]).
It should be noted that efforts were done to associate a certain frequency to fibre
compressive failure (of specimens L which compressively failed form the back edge) but
no conclusive evidence was found.
The grounds provided from the experiments allowed the classification of the peak
frequency into the range presented in Figure 3.29. Therefore, the AE findings clearly
recognized two main failure mechanisms:
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• lower frequency events related to matrix cracking
• higher frequency events associated to fibre failure
Figure 3.29: Indicative peak frequency range classifications of failure modes in
T800s/M21.
3.4.1.2 Layup and failure mechanisms
In cross-ply laminates the failure mechanisms were mainly controlled by fibre break-
age. Consistent signs of matrix cracking and fibre debonding prior to each load-drop
(load-bearing fibres failure) led to some delamination and the end of testing.
Laminates containing 45◦ oriented plies exhibited one or more small load-drops
before reaching the critical load (Fig. 3.10c-3.10d). This could indicate some failure
via splitting happening at the off-axis plies interfaces (increased number of occurrences
in bands b3 and b4). Limited delamination signs were found which were attributed to
the smooth crack propagation (numerous and small load-drops in the load-displacement
curve).
In multi-directional laminates the mechanisms of failure are considerably more com-
plex than θ/90◦ laminates. In both cases there is an evident tendency to form cracks
along the fibres in each ply. However, the influence and extension of these cracks re-
lied on the interactions between plies of different orientations. A type L specimen was
sequentially loaded and unloaded to evaluate the extension of damage during ‘elastic’
loading. It was observed that matrix cracking was the main failure mechanism taking
place along with fibre/matrix debonding and minor fibre failure. Delamination ap-
peared during the last cycle which reinforced the grounds for associating this failure
mechanism with peak frequency b2. Multi-directional laminates appeared to present
fewer (fibre) failure events during crack growth which would highlight their damage
restraining capacity. No significant delamination occurrences were observed which led
to the assumption that the plies did not fail independently.
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3.4.2 Intralaminar fracture toughness
DCB specimens exhibited very smooth crack propagation, reaching steady-state
propagation. The DCB testing allowed the process zone to extend along the specimens
length, unlike the CT specimens where the process zone did not fully develop since the
specimens were not wide enough (Figure 3.24).
A clear R-curve behaviour was identified in all DCB tests. A representative R-curve
illustrating such trend has been divided in three regions (Figure 3.24): A, B and C.
Region A represented the ‘elastic’ loading stage (Figure 3.24). Region B was associated
with crack growth while toughening mechanisms took place. Finally, a plateau was
formed (region C) and steady-state was reached.
Both initiation and propagation toughness values were successfully measured from
these experiments which were then used in the rule of mixtures data reduction method
(section 3.2.4).
3.4.3 Cross-ply laminates
3.4.3.1 Effect of the number of 0◦ plies
Layups containing a higher number of 0◦ plies showed more damage by means of
matrix cracking (splits along the 0◦ plies (Figures 3.14b vs. 3.14c and 3.14d vs. 3.14e))
which, consequently, led to a more stable crack propagation (Figures 4.7a vs. 4.7b,
and 4.7c vs. 4.7d showing more frequent and smaller crack jumps). X-ray imaging
supported that, in both layups A and B, the damage zone size was acceptably small
in regards to the total specimens dimensions and, thus, making fracture mechanics
applicable. Following these observations, it can be concluded that the size of the crack
jumps depended on the number of 0◦ plies within the laminate and, therefore, was not
influenced by the size of the fibre tows.
All CP layups exhibited a clear R-curve effect (Figure 3.25a-3.25f). The existence
of a plateau in most R-curves suggested that the damage zone reached steady-state and
that, from that point onwards, the crack had propagated in a self-similar way. The fact
that layup A specimens presented a slightly higher propagation toughness than layup
B, is likely to be related to a higher amount of small bundles of fibres being pulled-out,
and to a somewhat wider damage zone, as confirmed by X-ray imaging (Figure 3.14b
and 3.14c).
Before failure initiation, small scale failure processes (small splits and minor
delamination), took place near the crack tip, leading to an increase of the specimen’s
compliance. At this point (‘non-linearity onset’), the load-displacement curves became
slightly non-linear prior reaching the maximum load (Figure 4.7a and 4.7c vs. 4.7b
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and 4.7d) and no crack growth had taken place. Toughness measurements (Table 3.8)
indicated that laminates containing higher number of 0◦ plies would develop splits at
an earlier stage (Figures 3.12b-3.12g). Consequently, small scale failure processes were
more significant which was translated into a longer ‘equivalent crack’ in such laminates.
From a microscopic point of view, fracture surfaces from layups A and B (Figure
3.18b and 3.18c) showed similar features regarding pull-out height but different sized
bundles of fibres. The same was observed in the respective micrographs (Figure 3.16b
and 3.16c): layup B specimens presented a more abrupt crack path which indicated
wider failed bundles of fibres. However, the critical energy release rates experimentally
obtained for A and B (Table 3.8) layups were statistically similar. Hence, it is reason-
able to assume that the fracture toughness of the 0◦ plies does not rely on the layup
sequence.
3.4.3.2 Effect of blocking 0◦ plies
Blocked ply specimens revealed a more significant degree of non-linearity in the
load–displacement curves (Figure 4.7c-4.7f). The increased thickness of the 0◦ plies
induced a considerable amount of splitting and delamination, once the non-linearity
onset had been surpassed. Figures 3.12d-3.12f show early and pronounced splits that
appeared to increase, in size and number, with the thickness of the 0◦ ply-blocks.
Analogously, delamination was also seen to grow.
The load-displacement curves presented considerably higher peak loads and sharper
load-drops, in specimens containing blocked plies than in the equivalent single ply
thickness specimens (Figure 4.7b and 4.7d, and Figure 4.7e and 4.7f). Correspondingly,
the R-curves for such laminates showed a significant increase in the measured toughness
when blocking 0◦ plies together. The CoV was observed to increase when blocking plies
together (Table 3.8).
Surface splits along 90◦ plies were clearly visible in the X-ray images of specimens
with blocked plies (Figures 3.14d-3.14g and Figures 3.12c-3.12g). These are a result
of the 90◦ plies having been placed in groups of six plies on the outer surfaces. The
penetrant sogged into the through-the-thickness splits which enhanced their definition.
The length and depth of the splits was found to increase with the number of 0◦ plies
blocked and correlated with the increase in non-linearity observed in the respective
load-displacement curves.
The X-ray images also show how delamination increased with crack growth (Figures
3.14d-3.14g and Figures 3.12c-3.12g), spreading perpendicularly to the loading direc-
tion. It should be noted that, despite the considerable size of delaminated area, the ply
damage was restricted to the centre of the specimen, ahead of the notch. Furthermore,
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specimens that contained non-blocked plies presented long and slender damage zone,
whilst specimens containing blocked plies revealed an elliptical shaped damage zone,
which became wider with increased ply-blocking.
SEM (Figure 3.18d, 3.18e and 3.18f) and optical microscopy (Figure 3.16d, 3.16e
and 3.16f) imaging showed a much higher degree of pull-out for blocked configurations,
which implied higher energy dissipation. This increase in the length of the pull-out
was translated to more splitting along the 0◦ plies, which was corroborated by the
correspondent X-rays (Figures 3.14d-3.14f). The path of crack growth was noticed to
be in the same plane as that of the notch tip, which meant that the fibre breakage
developed along the specimen’s centreline.
The AE signals collected were consistent with the microscopy observations, showing
an escalation in the number of occurrences related to the correspondent matrix cracking,
delamination and fibre failure frequency bands when increasing the 0◦ ply thickness
(Figure 3.8). These evidences also suggest that non-linearity effects are likely to increase
with the number of 0◦ plies blocked together.
It was interesting to note that, despite layup F containing the same number of
0◦ plies as layup E, layup’s F fracture surface (Figure 3.18g) presented shorter and
less wide fibre bundles (Figure 3.8g). Additionally, the damage zone size in layup F
(Figure 3.14g) appeared to stabilize with crack growth. This comes in line with the AE
results obtained for both configurations, where the number of matrix and fibre failure
occurrences was distinctly lower for layup F (Figure 3.8f and 3.8g). These features
suggest that single 0◦ plies neighbouring 0◦2 plies can prevent damage from spreading
perpendicular to the propagation plane. To reinforce this idea, the laminate’s toughness
of layup F (Table 3.8 and Figure 3.25f) was calculated by means of the rule of mixtures
indicated in section 3.2.4 using the toughness of the 90◦, 0◦ and 0◦2. The predicted
toughnesses differed in 7.9% and 10.0% for initiation and propagation, respectively,
when compared against the experimentally measured values, giving additional meaning
to the measured ply toughness of 0◦2 plies.
It should be noted that the size of the damage zones obtained for layups C-F (Fig-
ure 3.14d- 3.14g) were considerably large when compared to the specimens dimensions
and, therefore, do not fully support the fracture mechanics theory employed for data
reduction. However, it is likely that these results indicate a general tendency in the sig-
nificant increase of toughness when blocking plies together, which agrees with previous
studies done on this subject [19].
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3.4.4 Multi-directional laminates
3.4.4.1 Effect of blocking of 45◦ plies
All three G-I laminates presented a stick-slip behaviour and numerous small load-
drops, which indicated a very smooth crack propagation, until arresting at a lower
load level (Figure 4.8a-4.8c). Laminate I specimens did not reach steady-state due to
compressive failure of the back end of the specimen, which can be clearly observed
in Figure 3.15c. This also prevented the post-mortem investigation for typical failure
features, by means of microscopy.
After ‘elastically’ loading G-I specimens, it was noted from X-Ray imaging (Figures
3.15a-3.15c) that matrix cracking started to develop ahead of the notch tip. This was
amplified by placing two 45◦ plies together, aligned along the same direction (layup
I). Although it is difficult to make direct comparisons between the images due to the
difference in the load levels, Laminate I appeared to develop considerably more splits
along ±45 directions and, consequently, more delamination. AE results supported
these observations by revealing significantly fewer matrix cracking and delamination
occurrences for laminates G and H (Figures 3.9a-3.9c). Therefore, blocking 45◦ plies,
induced non-linear effects within the laminate.
Upon reaching steady-state (Figure 3.15a and 3.15b), the damage zone size of lam-
inates G and H was found to be small when compared to the specimens size. The crack
growth was coplanar with the notch tip, despite the presence of 45◦ blocked plies and
exhibited a saw tooth like pull-out pattern (Figure 3.17a-3.17b): the crack propagated
through the least energy demanding path. Figure 3.17a portraits a typical crack path
along a ply oriented at −45◦.
The pull-out height was similar in both configurations, suggesting an approximate
amount of energy being absorbed during crack growth, and bundles of fibres broke along
a tooth-saw path (Figure 3.19a and 3.19b). Splitting and, consequently, delamination
were noticed to occur more intensively in blocked configurations (Figure 3.15c) , which
helped to reduce the stresses at the crack tip (notch blunting) and led to a considerably
larger damage zone. However, laminate G and H presented a damage zone small enough
so that the fracture mechanics employed in the data reduction are valid concepts.
The R-curves of laminates G and H were very well populated leading to steady-
state. Both initiation and propagation toughness measurements were statically similar,
implying that the translaminar toughness of a ply oriented at an angle of 45◦ is not
affected when in the neighbourhood of a ply at −45◦. Therefore, the toughness of a
45◦ ply is not an in-situ property. However, when blocking two 45◦ plies along the
same direction, results seem to suggest that the toughness of a 45◦ ply depends on the
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thickness of that ply (Table 3.9). Further works needs to be done as laminates I failed
compressively from the back edge of the specimen and, as a result, no propagation
could be measured.
3.4.4.2 Effect of blocking plies with different orientations in the same lam-
inate
The load-displacement curves for laminates J, K and L behaved typically linear be-
fore reaching the peak load. In J, K and L specimens, small load-drops were frequently
noticed before reaching the peak load, as in G-I layups. AE results suggested fibre
failure and fibre/matrix debonding, as in the previous cases (Figure 3.9d-3.9f). Layup
L specimens buckled during the experiments leading to a brief crack propagation; only
an initiation toughness could be measured. Despite J and L layups having the same
number of 90◦, 0◦ and ±45◦ plies, only L layups buckled due to the blocking of two
load bearing plies in the mid-thickness of layup L.
The results from X-ray imaging (Figure 3.15) and from optical microscopy (Figure
3.17c-3.17d and 3.20) allowed to understand how the crack growth appeared to take
place in layups containing 90◦, 0◦ and ±45◦ plies (J and K) (see Figure 3.30): ply
splitting of the 90◦ plies was the first event to occur, and this promoted delamination
at the 90◦/ + 45◦ and −45◦/90◦ interfaces. Delamination expanded from the notch
tip in a distinct triangular shape whilst being enclosed by opposite 45◦ plies (Figure
3.15d-3.15f). The presence of ±45◦ plies in the laminate caused in-plane shear which
initiated splits along both ±45◦ directions, followed by limited delamination in the
adjacent plies. Stresses along the ±45◦ plies relaxed which induced further stresses
along the load-bearing plies. Consequently, longitudinal splits along the load-bearing
plies initiated at the site of the off-axis split. Once the applied stress overcame the
strength of the load-bearing plies, fibre failure took place leading to crack growth.
±45◦ splits acted as a trigger in failure of the 0◦ plies (Figure 3.21). The failure
of the 0◦ plies exhibited a stepped surface (fibre failure changed plane every time it
encountered a longitudinal split) and it was upper bounded by an off-axis split, as
a consequence of the in-plane shear. Both 0◦ and 45◦ plies failed along the same
plane which meant that failure resulted from the interaction between them. These
observations are in agreement with the reasoning from Figure 3.30. The failure of a
45◦ ply affected not only the pull-out height of the respective neighbouring 0◦ ply, but
also the latter bundle’s width. Hence, it would be reasonable to assume that the first
ply failure occurred at a 0◦ ply and it was affected by a 45◦ ply in its vicinity.
As 45◦ plies appear to influence how load-bearing plies break, it is reasonable to
assume that a load-drop would occur on the respective load-displacement curve every
time a bundle of 45◦ plies breaks. From Figure 3.17c it can be seen that the failure
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of a bundle of load-bearing fibres is followed by bundle failure in the adjacent 45◦ ply.
Fibre bundles appeared to have regular dimensions.
(a) Split along a +45◦ ply. (b) Split along a −45◦ ply.
(c) Split along a 0◦ ply which induced
delamination at the +45◦/0◦ interface.
(d) Split along a 0◦ ply which induced
delamination at the −45◦/0◦ interface.
(e) The crack grew through fibre failure in the
0◦ plies, along the split of the 45◦ ply.
(f) The crack grew through fibre failure in the
0◦ plies, and along the +45◦ plies.
Figure 3.30: Schematic of crack growth along a −45◦/0◦/ + 45◦ interfaces. Matrix
cracking of 90◦ plies was not included in this scheme for simplicity reas-
ons.
SEM imaging of MD specimens with ply-blocks (Figure 3.19e) showed an increase in
delamination, splitting and matrix cracking. The fracture plane was not clearly defined,
as plies appeared to have failed independently (significant delamination). Tensile and
compressive features were found further away from the notch tip (Figure 3.22) which
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suggested flexural failure of the specimen, in addition to the specimen’s back edge
failing under compression. Therefore, off-axis plies were likely to have rotated and
failed under tension, instead of in-plane shear. No data was considered after initiation.
Mixed mode features, such as cusps and gouges, were also found along the 45◦ plies
(Figure 3.20).
AE results presented a build-up of occurrences from laminates J to laminates L
(Figure 3.9d-3.9f). There was very little fibre and matrix failure before reaching the
peak load in laminates J. Laminates K and L revealed a higher number of events though
the latter showed more delamination and fibre failure, despite having the same thickness
and equal number of plies along the four directions. X-ray imaging (Figure 3.13d-3.13f)
was in accordance with these results where laminate L is seen to develop more damage.
The increased presence of sub-critical damage also explained why blocked ply specimens
presented higher peak loads (Figure 3.7) than the equivalent single-plied configuration.
Identically to cross-ply laminates, MD single-ply specimens appeared to restrict
the size of the damage zone by inducing crack growth through-the-thickness of the
specimen. From X-ray imaging, splits along the surface plies (90◦’s) could be easily
identified in laminates J and K (Figure 3.15). However, that was not the case for
laminates L which suggested that the extensive damage had taken place mainly in
the internal part of the specimen (Figure 3.15f). Similar observations were made in
previous work performed by Li et al. [58].
The presence of 45◦ plies in a laminate induced a smoother crack growth with more
frequent and smaller load-drops (Figure 4.8a, 4.8b, 4.8d and 4.8e), leading to more
populated R-curves. This was the case for both laminates containing 90◦ and ±45◦
plies and MD laminates. Since laminates with blocked plies failed before reaching
steady-state, it is likely, though not totally clear, they would have behaved in a similar
way.
3.5 Conclusions
This work has investigated the effects of layup and blocking of plies in mode I
translaminar fracture toughness, using compact tension specimens. The translaminar
fracture toughness was measured for six cross-ply and six multi-directional layups,
involving 90◦, 0◦ and ±45◦ plies of T800s/M21 carbon/epoxy. It was found that the
stacking sequence for both CP (A and B) laminates and 90◦/45◦ (G and H) laminates
had little effect on the translaminar fracture toughness of the ply GplyIc . They exhibited
very similar fracture surfaces (SEM and optical microscopy imaging) and damage zone
sizes (X-ray imaging and FE modelling) which suggested that mode I fracture toughness
is likely to be a material property.
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The sequence of failure mechanisms was also analysed. As observed before [13,
19, 20], in cross-ply laminates failure started with ply cracking in the 90◦ plies which
then propagated to the neighbour load-bearing ply where fibre failure took place. In
multi-directional laminates, failure also started with ply cracking in the 90◦ plies but
45◦ plies appeared to trigger and affect how the load-bearing plies failed. 45◦ plies were
seen to have a stabilizing effect during crack growth, which eventually helped reducing
the stresses accumulation along the load-bearing plies thus leading to a smoother and
more stable crack growth. 90◦ plies were noticed to constrain the crack into remaining
co-planar with the notch tip, even in layups containing only 45◦ and 90◦ plies. However,
quasi-isotropic layups did not contain a sufficient 90◦ plies ratio which led to a later
deflection of the crack, along the +45◦ direction.
When blocking plies together, non-linear effects before fracture initiation became
noticeable and a considerable damage zone was observed in such laminates (C-F and
I and L), thus resulting in a toughness increase. In CP laminates, the pull-out length
of the bundles increased considerably which would support the increase of the 0◦ plies
toughness. Layup F presented both blocked and non-blocked 0◦ plies within the lam-
inate: the damage zone, though significant, appeared to be relatively constrained. The
presence of non-blocked plies restrained the damage growth through-the-thickness of
the laminate, promoting fibre failure in place of delamination. Given the size of the
damage zones for thick blocked plies, and the fact that damage increased with crack
growth, such laminates might lie outside the linear elastic fracture mechanics realm.
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Representing translaminar
fracture as a cohesive crack
4.1 Introduction
Cohesive zone models (CZM) provide useful numerical tools to model damage and
toughening mechanisms by means of traction-separation laws. CZM take into account
both strength and fracture energy allowing the characterisation of crack initiation and
propagation [78]. Cohesive laws are generally linear and the tractions go to zero at
critical separation. Bilinear cohesive laws are often used due to its simplicity to describe
interlaminar delamination and debonding processes. Such cohesive laws are usually
enough if the fracture energy is dissipated by a single failure mechanism [79]. However,
cohesive zone models with a trilinear law [76, 80] (see Figure 4.1) provide a suitable
procedure to model the R-curve effect, typical of translaminar fracture. The latter
effect is associated to the several toughening mechanisms that develop upstream the
crack tip along a certain length (process zone), such as delamination, fibre/matrix
debonding, pull-out and fibre bridging.
It has been proposed [81, 82] that for considerable sized process zone, the cohesive
zone model is taken as a material property, whilst the R-curve is assumed to rely
on the geometry of the specimen. The cohesive zone model can be calculated from
the experimentally measured R-curve (once steady-state has been achieved) and crack
opening displacement as:
σ (δ) = ∂G
prop
Ic
∂δ
(4.1)
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Hansen et al. [80] defined a mixed-mode trilinear law such that its parameters were
obtained from a measured R-curve and Equation (4.1). The authors showed that the
R-curve behaviour could be well captured since all energy dissipating mechanism were
accounted for. Gutkin et al. [76] defined a trilinear law from the measured R-curves
in function of the crack growth. The author developed the mathematical relationships
between crack extension and crack opening displacements for a CT specimen, assum-
ing that the specimen’s arms deform in shear. The parameters of the trilinear law
defined in this work were based in Gutkin’s et al. [76], assuming the end crack opening
displacement depends solely on the fibres pull-out length, once steady state has been
reached.
This work investigates the representation of translaminar damage as a cohesive
crack from the translaminar fracture toughness measurements obtained in the previous
chapter (see section 3.3). A trilinear cohesive law was defined in section 4.2 from the
extracted R-curves and the specimens are then simulated using a cohesive approach
in a Finite Element (FE) model (section 4.3). The experimental method is described
in section 4.4. The present work focused on showing how is damage represented, both
during the stages of initiation and propagation, and on the effect of ply-blocking in the
translaminar toughness (section 4.5 and 4.6). Conclusions are summed up in section
4.7.
K0
elastic SPZ LPZ
G
prop 
IC G
init
IC-
G
init
IC
Figure 4.1: Trilinear law parameters. Adapted from [76].
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4.2 Trilinear law
The trilinear law was defined based on Figure 4.1 and in the constitutive relations
given by:
σ =

K0δ 0 ≤ δ ≤ δ0
σ0
δi − δ0 [(r − 1) δ + (δi − rδ0)] δ0 ≤ δ ≤ δi
rσ0
δf − δi (δf − δ) δi ≤ δ ≤ δf
0 ≥ δf
(4.2)
where r is a strength ratio between the intermediate strength σi and the cohesive
strength σ0, and is given by
r = 2
(
GpropIc −GinitIc
)
δfσ0
(4.3)
Similarly to Gutkin et al. [76], the crack opening displacement during the ‘elastic’
loading, δ0, is related to the cohesive strength, σ0, by:
δ0 =
σ0
K0
(4.4)
where K0 is the initial stiffness of the material. K0 was chosen so that K  E/lc (lc is
a characteristic length associated to the thickness of the damage zone [10]), to ensure
that the compliance of the specimen was not affected by the presence of the cohesive
elements. The choice of σ0 was based on the ultimate tensile strength of the laminate
by means of lamination theory.
The dissipated energy from GinitIc −GpropIc corresponds to an area of (see Figure 4.1):
GinitIc −GpropIc =
σiδf
2 (4.5)
where σi represents the intermediate strength (see Figure 4.1). Both toughnesses
were measured experimentally, as presented in section 3.3.
After some manipulation, δi can be obtained in function of δf from Equations (4.5)
and (4.3):
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Figure 4.2: Cohesive zone advancing into the matrix.
δi =
2
σ0
[
GinitIc +
(
GpropIc −GinitIc
) δ0
δf
]
(4.6)
Due to the significance of the R-curve effect, the trilinear cohesive law was developed
assuming that the traction-separation response relied on the premise that the end
crack opening displacement equalled twice the fibre pull-out measured experimentally,
δf = 2lpull-out. Once the opening of the crack δ was enough to completely pull the fibres
out of the matrix (Figure 4.2), the R-curve would reach steady-state and δ = δf .
4.3 Finite Element model
The cohesive law presented in section 4.1 was implemented using ABAQUS/Ex-
plicit [74]. A whole CT specimen with nominal dimensions, with a fine mesh around
the crack (Figure 4.3), was modelled using 4-node bilinear plane stress (CPS4R) ele-
ments with reduced integration. The cohesive crack was modelled with 4-node cohesive
elements (COH2D4) with the aforementioned trilinear law. A total of 480 cohesive ele-
ments (0.0001mm thick) were placed along the crack path (24mm long), upstream the
initial notch, in order to correctly capture the fracture process. A penalty stiffness of
K = 106MPa/mm was used. The material properties used are indicated in Table C.1
in Appendix C. The respective cohesive laws parameters were calculated as described
in section 4.2, and are presented in Table 4.1.
A load of 1N along the y-direction was applied to the nodes corresponding to the
load-pin position (see Figure 4.3). The displacement was calculated from the load-pins
where the unitary load had been applied. The model was loaded and reloaded for
different crack lengths, and the load-displacement curve was extracted. Consequently,
the respective R-curve was found according to the data reduction method described in
detail in section 3.2.4. It should be noted that the crack tip location was defined as the
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Figure 4.3: CT specimen modelled with a very fine mesh of cohesive elements (high-
lighted in green) around the crack.
node where the stress and displacement were equal to (σi, δi), respectively. The total
computing time for each layup simulation was close to 30minutes1.
The size of the damage zone was also predicted using the trilinear law. This was
done by measuring the distance between the first completely failed element (d=1) in
the crack tip, and the first intact element (d=0) ahead of the crack tip. Figure 4.4
shows the cohesive zone in the FE model and the size of the damage zone.
Figure 4.4: Length L of cohesive zone in FE model.
1The computer processor used was an Intel Core i7-2630M CPU @ 2.70GHz.
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4.6)
(Experim
ents)
(Experim
ents)
A
1300
0.0013
1000000
0.059
1.0
0.153
99.31
137.47
B
400
0.0004
1000000
0.061
0.9
0.110
22.04
31.60
C
900
0.0009
1000000
0.145
2.0
0.133
60.01
190.33
D
450
0.00045
1000000
0.124
2.0
0.195
43.96
99.56
E
650
0.00065
1000000
0.120
2.5
0.280
91.05
188.94
F
650
0.00065
1000000
0.117
1.5
0.138
44.84
121.52
G
300
0.0003
1000000
0.068
1.0
0.089
13.41
23.64
H
300
0.0003
1000000
0.102
1.0
0.121
18.12
33.44
I
450
0.00045
1000000
-
-
-
36.16
-
J
700
0.0007
1000000
0.099
0.8
0.090
31.31
58.98
K
1300
0.0013
1000000
0.146
0.9
0.119
77.22
162.59
L
1300
0.0013
1000000
-
-
-
83.66
-
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4.4 Experimental method
4.4.1 Material System
The material system used in this work was the unidirectional (UD) carbon-epoxy
prepreg T800s/M21 described in the previous chapter in section 3.2.1 with the elastic
ply properties listed in Appendix A.
4.4.2 Specimen and layup configuration
The specimen geometry used was the compact tension configuration [12,20,83] (see
Chapter 3) with the layups indicated in Table 3.3, and dimensions previously shown in
Figure 3.2a in section 3.2.2.
4.4.3 Testing and post-mortem
At least six CT specimens for each layup indicated in Table 3.3 were tested using an
Instron machine with a 10 kN load cell. Each specimen was loaded under displacement
control, at a constant rate of 0.2mm/min to obtain quasi-static conditions.
The specimens were monitored using Acoustic Emission (AE). Post-mortem ana-
lyses, such as X-ray and optical and scanning electron microscopy (SEM), were used
to analyse the damage growth. Each post-mortem technique has been briefly described
in section 3.2.3.
4.4.4 Average pull-out length
In this work, crack propagation was accompanied by a significant amount of fibre
pull-out. Since the work done in pulling a fibre completely is proportional to the pull-
out length squared, an effective pull-out height, along the crack path L (see Figure
4.5), can be defined as:
lpull-out =
√
1
L
∫ L
0
f(x)2dx ≈
√√√√ 1
N
N∑
i=1
p2i (4.7)
where f (x) is the function that represents the height of the bundles of fibres along
the crack path, N the number of bundles pulled-out along the fracture surface, once
steady-state has been achieved, and pi the height of each bundle of fibres.
The pull-out height was measured from the micrographs obtained through optical
microscopy (see Figure 4.6a). An imaging and processing software (ImageJ [84]) was
used to process each micrograph. The micrographs image contrast was enhanced and
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Figure 4.5: Bundles of fibres pulled-out along a certain length L of a fractured surface.
the images were despeckled using an embedded noise filtering. Figure 4.6b shows a
micrograph after processing. Once a clean crack path image had been achieved, it
was possible to save each pixel’s coordinates and import this data to Excel [85]. The
data was used to plot the pull-out height function f(x) (Figure 4.6c), and further
manipulated in order to find the maximum points (Figure 4.6d): pi. These points
were used in Equation (4.7) to calculate the average pull-out length, lpull-out, for each
specimen. It should be noted that no data was used before steady-state had been
reached (∆a ≥ apropagation).
The pull-out height measurements (2lpull-out) are indicated in Table 4.1 in section
4.3.
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(a) Micrograph of a cross-ply specimen.
(b) Micrograph after image processing.
(c) Pull-out height function f(x).
(d) Height of each bundle of fibre pi
Figure 4.6: Averaging the pull-out height of a fractured surface of a CP specimen.
The steady-state region corresponds to the darkened region.
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4.5 Results
4.5.1 Predicted load-displacement curves
The results of the numerical simulations for the all layups are shown in Figure 4.7
and 4.8 where the load-displacements curves (in red) have been overlapped with the
experimental load-displacement curves. The input parameters used, such as σ0, K0
and δf are listed in Table 4.1.
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(a) Layup A: [(90/0)8/90]s (b) Layup B: [(906/0)2/903]s
(c) Layup C: [(905/02)2/903]s (d) Layup D: [(9010/02/905]s
(e) Layup E: [909/03/905]s (f) Layup F: [(905/02/906/0/903]s
Figure 4.7: Experimental and numerical load-displacement curves for cross-ply lam-
inates.
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(a) Layup G: [906/− 45/906/45/903]s (b) Layup H: [906/− 45/45/903]s
(c) Layup I: [905/− 452/905/452/903]s (d) Layup J: [906/45/0/− 45/903]s
(e) Layup K:
[90/45/0/− 45]3s (f) Layup L: [902/02/452/− 452/90/0/45/− 45]s
Figure 4.8: Experimental and numerical load-displacement curves for laminates con-
taining 45◦ plies and multi-directional laminates.
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4.5.2 Predicted R-curves curves
The predicted R-curves for all layups, calculated from the respective load-
displacement curves, can be found in Figure 4.9 and 4.10. It should be noted that
layups I and L were simulated by means of a bilinear law, using the toughness values
measured at initiation, as no propagation could be reached.
(a) Layup A: [(90/0)8/90]s (b) Layup B: [(906/0)2/903]s
(c) Layup C: [(905/02)2/903]s (d) Layup D: [(9010/02/905]s
(e) Layup E: [909/03/905]s (f) Layup F: [(905/02/906/0/903]s
Figure 4.9: Predicted R-curves obtained by FE for laminate-level translaminar frac-
ture toughness for cross-ply laminates A-F.
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(a) Layup G: [906/− 45/906/45/903]s (b) Layup H:[906/− 45/45/903]s
(c) Layup I: [905/− 452/905/452/903]s (d) Layup J: [906/45/0/− 45/903]s
(e) Layup K: [90/45/0/− 45]3s (f) Layup L: [902/02/452/− 452/90/0/45/− 45]s
Figure 4.10: Predicted R-curves obtained by FE for laminate-level translaminar frac-
ture toughness for bi-directional laminates G-I and for multi-directional
laminates J-L.
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4.5.3 Predicted process zone size
The size of the respective damage zone for all layups was predicted using the trilinear
cohesive model and compared against the experimental results, as shown in Table 4.2
and in Figure 4.11.
Table 4.2: Length of cohesive zone for all layups predicted by FE and compared
against experimental data.
Layup FE [mm] Experiments Experimental difference [%]
A 8.0 7.2 11.1
B 5.7 4.9 15.7
C 15.1 14.8 2.0
D 12 9.6 25.0
E 9.0 8.0 12.5
F 9.4 8.6 9.3
G 6.2 8.9 30.3
H 6.5 8.7 25.3
I - - -
J 5.8 5.4 7.9
K 4.8 4.5 6.7
L 4.8 - -
Figure 4.11: Experimental and predicted length of cohesive zone for all laminates.
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4.6 Discussion
4.6.1 Suitability of testing procedure for measuring translaminar
toughness
For specimens with non-blocked plies, there was very little damage away from the
crack plane (see Figures 3.14b and 3.14c in section 3.3.3.2), and the cohesive models
using the trilinear law replicated correctly the load-displacement curves as well as the
R-curves (Figures 4.7a-4.7b). Crack initiation, the development of the process zones
and steady-state propagation were well captured by the model since the trilinear law
accounts for the different energy mechanisms. The suitability of the trilinear law para-
meters measured is therefore clear.
For specimens with blocked plies, while there was non-insignificant damage away
from the crack plane (see Figures 3.14d-3.14g in section 3.3.3.2), the cohesive model
did, in general, provide good predictions for the load-displacement and R-curves (Fig-
ures 4.7c-4.7f). In layup C, the trilinear law captured well initiation of fracture but
it overestimated the development of LPZ and steady-state propagation, in both load-
displacement and R-curves (Figure 4.7c-4.7f). Laminates from layup C presented a
certain degree of non-linearity and, therefore, reflected a higher apparent toughness.
The latter would result in an increase of the pull-out length, leading to a slight over-
estimation of the trilinear cohesive model. Additionally, the toughness of the laminate
F predicted by means of a rule of mixtures (using the both 0◦ and 0◦2 toughnesses)
correlated well with values measured experimentally (Table 3.10). Therefore, while the
hypothesis behind data reduction are not exactly verified, the cohesive law parameters
derived do appear, to an extent, to represent the response of the specimens correctly.
As previously outlined, multi-directional laminates containing ply blocks did not
reach propagation, except for layup H where the ply blocks had opposite alignment.
For this reason, the FE model was modified with a bilinear law for layup I (Figure
4.10c in section 4.5.2) and layup L (Figure 4.10f in section 4.5.2) using as input their
respective initiation toughness values. The bilinear model captured correctly initiation
in both cases. It should be noted that, up until fracture initiation, no extensive damage
had been observed (see Figure 3.13c in section 3.3.3.2), thus the model was expected
to correlate successfully.
4.7 Conclusions
This work has investigated the suitability of testing procedures for measuring mode
I translaminar toughness of CP and MD laminates, containing both non-blocked and
blocked plies. The translaminar fracture toughness had been previously measured
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for six cross-ply and six multi-directional layups, involving 90◦, 0◦ and ±45◦ plies
of T800s/M21 carbon/epoxy (see Chapter 3). The fracture process was characterized
by a cohesive trilinear law that successfully reproduced the specimens’ respective load-
displacement and R-curves, and the size of the damage zones. This finding validates
the data reduction method for the translaminar fracture toughness measurements
The numerical results from the trilinear model agreed well with the experiments,
both for non-blocked and blocked configurations. The trilinear law captured in well both
initiation and propagation, and the predicted damage zone sizes correlated well with
the experimental results. Thus, the cohesive law parameters reproduced the specimens
response accordingly. However, the size of the damage zone, and the fact that damage
increased with crack growth, for laminates containing blocked plies highlight the need
to repeat the experiments involving blocked plies in considerably larger specimens.
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Relating the toughness of
individual plies to the toughness
of the laminate
5.1 Introduction
Failure mechanisms (such as fibre-matrix debonding, fibre fracture, fibre
bridging/pull-out, matrix cracking, delamination) in composite materials have been
intensively investigated but they are not yet fully understood [2]. Several failure mod-
els and criteria have been developed to predict failure [8]. However, most of these
failure models currently provide insufficient predictive capabilities partially due to the
lack of experimental observations required to develop them.
Translaminar fracture toughness of fibre reinforced polymers (FRP) is important
for characterising the failure resistance of notched composite structures. However,
measuring the translaminar fracture toughness for any possible layup of interest would
be expensive and time consuming. Therefore, it is important to be able to relate the
translaminar toughness of a laminate to that of its plies.
There has been a significant amount of research published on translaminar fracture
of laminated composites during the last decades. Laffan et al. [12] provide a compre-
hensive review of test specimens used, data reduction approach and data gathered.
Most of the work in the literature focuses on initiation fracture toughness values,
measured for different laminates, whilst investigating the specimen’s geometry and
layup effects [18, 22, 40, 41, 54, 59, 60, 62–65, 86, 87]. However, propagation has yet been
entirely characterised.
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Some authors have measured the toughness of sub-laminates with the objective of
relating it to the toughness of a laminate using the rule of mixtures [60,62]. Similarly,
Pinho et al. [20] and Laffan et al. [21] applied the rule of mixtures to calculate the
toughness of 0◦ plies from that of cross-ply laminates. Analytical models by Poe [64,86]
and Vaidya and Sun [54] proposed a different approach by allowing for the calculation
of the 0◦ ply fracture toughness from that of the laminate’s.
While the rule of mixtures assumes that the contribution of the energy dissipated by
each ply in a laminate is additive, i.e., the failure processes in one ply do not affect the
failure processes in another, the models by Poe [63,64] and Vaidya and Sun [54] assume
that fracture of the laminate occurs upon fracture of the fibres in the load bearing plies
(typically those plies aligned with the loading). There is currently little published data
on experimental evidence fully supporting either approach. In particular, none are able
to predict the size and ply-blocking effects observed experimentally [19,55,83].
This work aims to compare the experimental translaminar toughness measurements
results obtained in Chapter 3 to those of different approaches found in the literature
for relating the toughness of laminates to that of the constituent plies.
The predictive failure models are detailed in section 5.2. The results are presented
in section 5.5 and later discussed in section 5.6. Finally, conclusions on this work are
drawn in section 5.7.
5.2 Models relating laminate to ply toughness
Four predictive analytical models found in the literature were used to calculate the
translaminar fracture toughness of the laminates in this work:
• Rule of mixtures model [59]
• Equivalent strength model [62]
• Equivalent strain model [63]
• Simplified stress model [54]
These models have been listed chronologically and are described in sections 5.2.1-
5.2.4.
5.2.1 Rule of mixtures model
The rule of mixtures has been used extensively in the literature [19, 20, 46, 59, 60].
Cruse et al. [59] and Dileep and Kumar [60] demonstrated, in independent works, that
the rule of mixtures could be used with good accuracy for several laminates, both
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for predicting the fracture toughness of laminates from that of sub-laminates [60] and
individual plies [59].
Cruse [61] provided a theoretical foundation for the rule of mixtures (already defined
in Section 2.4) which assumes that the toughness of a laminate (GLamIc ) is the weighted
average of the ply fracture toughness G(i)Ic , where the weight is the ratio of the ply
thickness, ti, to the total laminate thickness, t:
GLamIc =
N∑
i=1
G
(i)
Ic
ti
t
(5.1)
.
Equation (5.1) is only valid if the lamination theory condition of strain compatibility
ahead of the crack tip is satisfied; in turn, this implies that the damage zone size has
to be small when compared to the specimen’s overall dimensions. Furthermore, crack
propagation needs to be coplanar with the initial crack.
Dileep and Kumar [60] used a very similar approach and made use of Cruse’s exper-
imental results [59] to calculate the toughness of multi-directional laminates. In their
work, the authors evaluated the laminate’s fracture toughness through the modified
crack closure integral (MCCI) technique. A predicted failure stress of the laminate
was calculated using a rule of mixtures from the individual failure stresses of each sub-
laminate, obtained from [59], and was used to compute the fracture toughness of the
laminate.
The rule of mixtures has been used extensively in recent years [19–21,46].
5.2.2 Equivalent stress model
Konish et al. [62] aimed at predicting the fracture toughness of carbon/epoxy fibre
laminates, based on the material properties, layup configuration and on the measured
critical stress intensity factor of the load-bearing ply. Their analytical model assumed
that the crack propagation started when the ply stresses (generated by a crack) achieve
the same condition that is reached at fracture of a unidirectional laminate.
The classical fracture mechanics solutions for the singular stresses in the plane of
the crack for a homogeneous, anisotropic material [69] is (see Figure 5.1):

σx
σy
τxy
 =
KLamI√
2pir

√
Syy/Sxx
1
0
 (5.2)
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where σx, σy and τxy denote the laminate stresses in the global coordinates (x is along
the crack direction), r is the distance ahead of the crack tip (with θ = 01 in Figure 5.1)
and [S]Lam is the compliance matrix of the laminate in global coordinates.
Figure 5.1: Laminate and principal ply directions.
Konish et al. [62] used Equation (5.2) and lamination theory (see Appendix E) to
relate the ply stresses to the laminate’s stress intensity factor KLamI :

σ1
σ2
τ12

i
= K
Lam
I√
2pir

ξ1
ξ2
ξ12

i
(5.3)
where

ξ1
ξ2
ξ12

i
= [T]i
[
Q
]
i
[S]Lam

√
(Syy/Sxx)
1
0
 (5.4)
and accounts for the material properties and orientation, and the laminate compliance.
[T]i is the transformation matrix from laminate coordinates to ply coordinates (Fig-
1θ will not be used as the crack is aligned with the x-direction.
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ure 5.1 and Appendix E). [Q]i denotes the stiffness matrix of each ply in the global
coordinate system. Shear stresses are zero due to symmetry.
Consider a UD laminate with a 0◦ layup (α = 90◦). Then
σ1 =
K0I√
2pir
(5.5)
where K0I is the stress intensity factor for the 0◦ UD laminate, or equivalent for a 0◦
ply. Comparing Equation (5.3) and (5.5), then the mode I stress intensity factor for
crack propagation in ply i is:
K0I i = KLamI ξ1i
or
KLamI =
K0I i
ξ1i
(5.6)
Considering that the crack will propagate when K0I i = K0Ic for the most loaded ply,
it can be inferred from Equation (5.6) that the critical ply (or plies) ic is:
ic : ξ1ic ≥ ξ1i ∀ i 6= ic (5.7)
Thus, from Equation (5.6),
KLamIc =
K0I
ξ1ic
(5.8)
The laminate’s fracture toughness for an orthotropic material under plain strain
conditions, with a crack aligned along the x axis [20,21,69] is given as
GLamI = ψLam
(
KLamI
)2
(5.9)
where
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ψLam = 1√2ExEy
√√√√√Ex
Ey
+ Ex2Gxy
− νxy (5.10)
and where Ex and Ey represent the Young’s moduli of the laminate in the longitudinal
and transversal directions, respectively, Gxy the laminate’s shear modulus and νxy the
laminate’s Poisson’s ratio.
Following the same reasoning, for a ply aligned with the applied load (0◦):
G0I = ψ0K0I
2 (5.11)
where
ψ0 = 1√
2E1E2
√√√√√E1
E2
+ E12G12
− ν12 (5.12)
and where E1 and E2 represent the Young’s moduli along the fibre and normal to the
fibre direction, respectively, G12 the ply shear modulus and ν12 the ply Poisson’s ratio.
Then, from Equation (5.8), Equation (5.9) can be expressed as
GLamIc = ψLam(KLamIc )2 = ψLam
(
K0Ic
ξ1ic
)2
(5.13)
which, using Equation (5.11) will lead to
GLamIc = G0Ic
ψLam
ψ0
1
ξ21ic
. (5.14)
5.2.3 Equivalent strain model
Poe [63] developed a strain criterion, called the general toughness parameter model,
that aimed at predicting the fracture of thick laminates. In Poe’s fracture criterion,
laminate failure would occur whenever longitudinal strains along the fibres would reach
a critical condition, in the principal load-carrying laminae.
From Equation (5.2) and using lamination theory,
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
1
2
12

i
= K
Lam
I√
2pir

ζ1
ζ2
ζ12

i
(5.15)
where

ζ1
ζ2
ζ12

i
= [T]i [S]
Lam

√
(Syy/Sxx)
1
0
 (5.16)
Consider a UD laminate with a 0◦ layup (α = 90◦ in Figure 5.1).Then, from Equa-
tion (5.15), the strain along a fibre is given by:
1 =
(
−ν21
√
1
E1E2
+ 1
E1
)
︸ ︷︷ ︸
ζ01
K0I√
2pir
(5.17)
When comparing Equation (5.15) and (5.17), the strains in each ply are identical
along the loading direction if
KLamI ζ1i = K0I ζ0I (5.18)
or, equivalently,
KLamI = K0I
ζ0I
ζ1i
(5.19)
Considering that the crack propagates when K0I i = K0Ic for the most loaded ply,
then, from Equation (5.19), the critical ply (or plies) is:
ic : ζ1ic ≥ ζ1i ∀ i 6= ic (5.20)
.
Thus, from Equation (5.19),
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KLamI = K0I
ζ0I
ζ1ic
(5.21)
Using Equations (5.11) and (5.13) in Equation (5.21) leads to
GLamIc = G0Ic
ψLam
ψ0
(
ζ01
ζ1ic
)2
(5.22)
5.2.4 Simplified stress model
Vaidya and Sun [54] developed a model aimed at predicting the translaminar frac-
ture toughness of a given laminate from the fracture toughness of the 0◦ plies. The
model assumed that the notched laminate fails when the 0◦ plies fail, and neglects the
effect of any damage prior to the failure of the 0◦ plies.
Neglecting transverse stresses, the ratio η between the longitudinal stresses in a 0◦
ply, σ01, and the longitudinal stresses in the laminate, σy, is given by the ratio of the
corresponding moduli:
η = σ
0
1
σLam1
= E1
Ey
(5.23)
Therefore, the critical stress intensity factor for the laminate KLamIc can be related
to the critical stress intensity factor in the 0◦ ply K0Ic, using the ratio of the moduli.
The critical stress intensity factor for a generic laminate can then be calculated as:
KLamIc = K0Ic
Ey
E1
(5.24)
which leads to
GLamIc = G0Ic
ψLam
ψ0
(
Ey
E1
)2
. (5.25)
It should be noted that Equation (5.25) should be taken only as an approximation
for anisotropic angle-ply laminates. The error in such approximation will depend upon
the influence of the 0◦ plies on the failure of the laminate in question.
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5.2.5 Comparison of analytical models
The four models described may be in better or worse agreement depending on the
layup. To compare them over a relatively broad layup space, all layups with 0◦, ±45◦
and 90◦ plies were considered. Figure 5.2 shows the prediction for all models. The
equivalent stress and equivalent strain models can be used to be very similar for all
possible layups. The rule of mixtures gives in general slightly higher laminate toughness
predictions than the equivalent stress and strain models. The simplified stress model
only provides comparable predictions over a narrow part of the design space, where the
proportion of 0◦ plies is large.
2
2
(a) GLam/G0 according to the rule of mixtures model [59].
(b) GLam/G0 according to equivalent stress model [62].
Figure 5.2: GLam/G0 influence on layup for the T800s/M21 material system. λ rep-
resents the ratio of 0◦ plies whist φ represents the ratio of ±45◦ plies
within the laminate.
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(c) GLam/G0 according to equivalent strain model [63–65,86,88].
(d) GLam/G0 according to simplified stress model [54].
Figure 5.2: GLam/G0 influence on layup for the T800s/M21 material system. λ rep-
resents the ratio of 0◦ plies whist φ represents the ratio of ±45◦ plies
within the laminate.
5.3 Experimental method
5.3.1 Material System
The material system used for this work was the carbon-epoxy system T800s/M21,
as described in section 3.2.1 (see Table 3.1) in the previous chapter.
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5.3.2 Specimen and layup configuration
Compact Tension specimens [12, 20, 83], with layups J-L shown in Table 3.3 and
dimensions shown in Figure 3.2a in section 3.2.2 were investigated in this work.
5.4 Data reduction
The data reduction scheme applied is the modified compliance method, as previously
described in section 3.2.4. The respective compliance calibration curves obtained from
FE, for the considered layups, can be found in Appendix A.
5.4.0.1 Ply fracture toughness
The toughness of a 0◦ load-bearing plies has been calculated using the four men-
tioned models found in the literature [54, 59, 62, 63]. Table 5.1 summarizes the 0◦ ply
toughness calculations for each one of the models.
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5.5 Results
5.5.1 0◦ ply fracture toughness predictions
Using two cross-ply laminates investigated in Chapter 3 (A and B), the fracture
toughness of load-bearing plies was calculated and compared according to each pre-
dictive model. Figure 5.3 and Tables 5.2-5.4 represent the predicted values for three
toughness values: non-linearity onset, initiation and propagation.
(a) Fracture toughness non-linearity onset.
(b) Fracture toughness initiation.
Figure 5.3: Predicted toughness values for a 0◦ ply from the toughness of the laminate
(measured in Chapter 3).
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(c) Fracture toughness propagation.
Figure 5.3: Predicted toughness values for a 0◦ ply from the toughness of the laminate
(measured in Chapter 3).
Table 5.2: Predicted non-linearity values of critical energy release rates for a 0◦ ply.
GLamIc [kJ/m2]
Non-linearity
Laminate
RM Equivalent stress Equivalent strain Simplified stress
[59] model [62] model [63] model [54]
(CoV) (CoV) (CoV) (CoV)
A 80.46(11.9) 108.63(16.1) 122.10(18.1) 111.39(16.5)
B 102.04(15.1) 171.99(25.5) 194.08(28.8) 181.99(27.0)
Table 5.3: Predicted initiation values of critical energy release rates for a 0◦ ply.
GLamIc [kJ/m2]
Initiation
Laminate
RM Equivalent stress Equivalent strain Simplified stress
[59] model [62] model [63] model [54]
(CoV) (CoV) (CoV) (CoV)
A 209.1(21.6) 283.6(29.2) 318.(32.9) 290.8(30.0)
B 182.5(18.8) 308.2(31.8) 347.8(35.9) 326.1(33.6)
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Table 5.4: Predicted propagation values of critical energy release rates for a 0◦ ply.
GLamIc [kJ/m2]
Propagation
Laminate RM [59] Konish [62] Poe [63] Vaidya [54]
(CoV) (CoV) (CoV) (CoV)
A 301.2(26.2) 392.5(34.2) 441.2(38.4) 402.5(35.1)
B 274.5(23.9) 442.4(38.5) 499.2(43.5) 468.1(40.8)
5.5.2 Translaminar fracture toughness predictions of MD laminates
The four analytical models described in section 5.2 were used to predict the lamin-
ates translaminar fracture toughness using an averaged value of the toughness of the 0◦
plies calculated using layups A and B, as indicated in the previous section. Figure 5.4
and Table 5.5-5.7 compares the experimental and predicted results by the four models.
(a) Fracture toughness non-linearity onset.
(b) Fracture toughness initiation.
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(c) Fracture toughness propagation.
Figure 5.4: Predicted toughness values for multi-directional laminates J-L.
Table 5.5: Predicted laminate non-linearity values of critical energy release rates for
each laminate investigated.
GLamIc [kJ/m2]
Non-linearity
Laminate RM [59] Konish [62] Poe [63] Vaidya [54]
(CoV, Diff %) (CoV, Diff %) (CoV, Diff %) (CoV, Diff %)
J 14.36(2.1, 41.0) 9.15(1.4, 62.4) 9.20(1.4, 62.2) 5.34(0.8, 78.1)
K 42.47(6.3, 37.4) 32.85(4.9, 51.6) 33.19(5.0, 51.1) 12.30(1.8, 81.9)
L 42.47(6.3, 34.7) 32.85(4.9, 49.5) 33.19(5.0, 48.4) 12.30(1.8, 81.1)
Table 5.6: Predicted laminate initiation values of critical energy release rates for each
laminate investigated.
GLamIc [kJ/m2]
Initiation
Laminate RM [59] Konish [62] Poe [63] Vaidya [54]
(CoV, Diff %) (CoV, Diff %) (CoV, Diff %) (CoV, Diff %)
J 34.21(3.5, 9.3) 18.98(2.0, 39.4) 19.08(2.0, 39.0) 19.86(2.0, 36.62)
K 102.04(10.5, 32.1) 68.18(7.011.7) 68.85(7.1, 10.8) 32.10(3.3, 58.4)
L 102.04(10.5, 20.3) 68.18(7.0, 19.6) 68.85(7.1, 17.9) 32.10(3.3, 62.2)
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Table 5.7: Predicted laminate propagation values of critical energy release rates for
each laminate investigated.
GLamIc [kJ/m2]
Propagation
Laminate RM [59] Konish [62] Poe [63] Vaidya [54]
(CoV, Diff %) (CoV, Diff %) (CoV, Diff %) (CoV, Diff %)
J 59.10(5.2, 0.20) 27.36(2.4, 53.6) 27.51(2.4, 53.42.6) 32.83(2.9, 44.4)
K 171.77(15.0, 5.6) 98.23(8.6, 39.6) 99.24(8.6, 39.0) 44.43(3.9, 72.7)
L 171.77(15.0,−) 98.23(8.6,−) 99.24(8.6,−) 44.43(3.9,−)
5.6 Discussion
5.6.1 0◦ ply fracture toughness predictions
The rule of mixtures defined the lower bound of the predicted toughness of a load-
bearing ply. The remaining predictions were very similar: both stress models gave
nearly identical results whilst the equivalent strain model gave slightly higher predic-
tions, defining the upper bound (Figure 5.3).
The predicted G0Ic toughness was approximately similar for both cross-ply (A and B)
layups. This would lead to the proposed assumption (section 3.4.3) that the toughness
of the load-bearing plies is layup independent (for a specific ply thickness).
5.6.2 Translaminar fracture toughness predictions of MD laminates
5.6.2.1 Rule of mixtures model
As a first approach, the rule of mixtures [20, 21, 61] was used to relate the fracture
toughness of individual plies to that of a multi-directional laminate, as AE monitoring
and SEM microscopy revealed limited delamination between plies (see Chapter 3),
which indicated that each ply may be assumed to have failed conjointly:
GLamIc = aG90
◦
Ic + bG0
◦
Ic + cG45
◦
Ic (5.26)
where a, b, c, d are the volume fraction of each angle ply.
Non-linearity onset predictions (Table 5.5) were underestimated by the rule of mix-
tures. One plausible reason could be the fact that damage appeared to be constrained
by neighbouring 0◦ and ±45◦ plies. The presence of ±45◦ plies within a laminate re-
duced the transverse strain in the plies which inhibited 0◦ plies from splitting. The
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degree of non-linearity of θ/90◦ laminates observed in the respective load-displacement
curves was considerably more noticeable (Figure 3.6 and 3.7) than in those of multi-
directional laminates (Figure 3.7).
The predicted values calculated from Equation (5.26) for the toughness of layup J
overestimated the initiation and propagation toughness values by 10% and 1% (Table
3.6 and Figure 5.4), respectively. The CoVs were around 10% and 4% which translated
the results into a very good agreement with the experimental results.
The prediction for layup K exceeded the experimental values by 32% for initiation
and 6% for propagation (Table 3.6 and Figure 5.4). The predicted initiation value
for layup L differed by 20% (Table 3.6 and Figure 5.4). A full R-curve could not be
obtained for layup L and, consequently, no propagation values were determined. From
the incomplete R-curve, a lower bound for toughness propagation was set at 143.0
kJ/m2(Table 3.6). When considering layup J, the rule of mixtures overestimated the
initiation and propagation toughness values by 9% and <1% (Table 3.6 and Figure
5.4), respectively.
The measurements of the error in the predictions by the rule of mixtures model
is likely to be due to fact that some failure mechanisms in multi-directional laminates
do not occur in other configurations that involve two different angle plies (θ/90◦).
However, when considering the CoV for both initiation and propagation values (Table
3.6), it can be noticed that the prediction values are statistically similar. The rule of
mixtures model appeared to be an approximation with very good agreement.
5.6.2.2 Equivalent stress and strain models and simplified stress model
As expected, both equivalent stress and strain models presented identical results.
Initiation toughness values were slightly under predicted whilst propagation values
presented a considerable error. The simplified stress model showed good agreement for
layup J. However, the higher ratio of ±45◦ plies in the quasi-isotropic layups led to a
significant error in the toughness predictions using this model.
The non-linearity onset was significantly under estimated as all three configurations
showed a predominantly linear response prior to the peak load (see Figure 3.7), leading
to a possible damage restraint (due to the neighbouring of ±45◦ and 0◦), as mentioned
in the previous section.
5.6.3 G45Ic from the toughness of 90◦ and 0◦ plies
Chapter 3 suggested how a crack propagated along a 45◦ ply (see Figure 5.5): 45◦
fibres break as 0◦ fibres do under tension in Mode I, and are followed (and preceded)
by splits in between the fibres, failing in the same manner as 90◦ plies under tension in
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Mode I. Therefore, 45◦ plies appeared to fail approximately through a combination of
the mode I failure mechanisms that take place separately at a 0◦ and at a 90◦ ply (see
Figure 5.5).
(a) Crack growth through a 90◦ ply along a [90]34 specimen.
(b) Crack growth through a 0◦ ply along a [(906/0)2/903]s specimen.
(c) Crack growth through a 45◦ ply along a [906/45/906/− 45/903]s specimen.
Figure 5.5: Failure fibres in 90◦, 0◦ and 45◦ plies.
Therefore, it would be reasonable to assume that the mode I translaminar frac-
ture toughness of 45◦ fibres would be a function of the mode I translaminar fracture
toughnesses of 90◦ and 0◦ plies.
From simple geometrical considerations, it follows that
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G45Ic =
√
2
2 G
90
Ic +
√
2
2 G
0
Ic. (5.27)
Using Eq. (5.27), the predicted initiation and propagation fracture toughness values
for 45◦ plies calculated from the experimental values of the 90◦ and 0◦ plies were,
respectively, 130.7 kJ/m2 and 202.4 kJ/m2, which was translated into a difference of
17% for initiation and 1% for propagation with the experiments (Table 3.9).
As remarked before [19, 20], G90Ic could have been neglected in Equation (5.27)
without substantial loss of accuracy, which combined with Equation (5.26) led to:
GLamIc = G0Ic
(
b+
√
2
2 c
)
(5.28)
This method showed great agreement of all approaches presented in this work,
especially when considering its simplicity and ease of use. From the toughness of the 0◦
plies, it is possible to accurately estimate the toughness of 45◦ plies and therefore, the
toughness of laminates containing 0◦, 90◦ and 45◦ plies, which are of practical interest
in structural applications.
5.7 Conclusions
This chapter presented four models for relating the toughness of laminates to that
of its constituent plies.
A comparison of these models over a broad range of layups revealed that, for a
given 0◦ ply toughness, both equivalent stress and strain models lead to very similar
laminate toughness predictions; the rule of mixtures leads to comparable, but slightly
high laminate predictions; finally, the simplified equivalent stress model should be used
with great care if ±45◦ plies are present in the laminate.
When compared against experimental data from Chapter 3 the rule of mixtures
was the most consistent and accurate model in predicting the translaminar fracture
toughness of the three multi-directional laminates. Considering the experimental vari-
ability, the prediction given by the rule of mixtures was taken to agreed particularly
well. The small differences are likely to be due to fact that some failure mechanisms
taking place in multi-directional laminates do not occur for the other configurations
that only involve two different angle ply constituents (90/θ).
The equivalent strain and stress, and simplified stress models underpredicted the
toughness values in all three configurations (J, K and L), giving conservative laminate
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toughness prediction for both initiation and propagation values. This was likely to be
due to the fact that such models do not include the effects of sub-critical damage taking
place near the crack tip. The simplified stress model correlated especially poorly for
the quasi-isotropic layups due to a higher 45◦ ply ratio that is not accounted for in this
model.
It was also suggested that the toughness of the ±45◦ plies could be calculated from
the toughness of the 0◦ plies with very good accuracy for the T800s/M21. Consequently,
the toughness of multi-directional laminates could also be determined without further
testing, once having determined the toughness of the load-bearing plies. This simplifies
greatly the experimental testing effort and does not require different tests for each layup
considered.
As future work, it would be of great interest to generate multi-directional configur-
ations with angled-plies with orientations other than ±45◦. After determining exper-
imentally the toughness of each angled-ply, it would be possible to verify if such ply
toughnesses could be related to that of the 0◦ plies by means of the trivial generalization
of the geometrical relation proposed.
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Thin-plies: effect of ply thickness
on the translaminar toughness of
a 0◦ CFRP ply
6.1 Introduction
The thickness effect on the onset of micro-cracking and delamination has been
extensively analysed [18,19,22,41,52,54]. Kim and Soni [1] investigated several quasi-
isotropic layups, with different layups sequences while keeping the same ratio of each
constituent ply. The authors showed that the delamination threshold decreased with
increasing ply-block thickness. Similarly, Wisnom et al. [55] observed significant scaling
effects when changing the ply-blocks thickness in quasi-isotropic laminates. The lam-
inates with larger ply-blocks failed by complete delamination, before fibre failure could
take place. Therefore, ply-blocking has been seen to result in extensive damage zones
in multidirectional laminates. This creates a substantial challenge when attempting
to characterize the translaminar fracture of 0◦ plies for different ply-block thicknesses,
using cross-ply specimens [19,20,83].
Regarding the measurement of the translaminar fracture toughness of 0◦ plies, most
of the work found in the literature has been bounded by a minimum ply thickness of
0.125mm. Published work in the literature [19, 20, 83] suggest that the translaminar
fracture toughness of a 0◦ ply depends on the thickness of that ply. While it can
be speculated that delamination plays a non-insignificant role in this (the extent of
delamination in thick ply-block laminates is larger [83]), the analysis of the translaminar
fracture surfaces of 0◦ plies of different thickness reveals significant differences [83].
Additionally, an analytical model [89] which takes into account the energy dissipated
by debonding and by pull-out within the ply, but neglects delamination, succeeded in
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predicting size effects, [stp] also observed by Vaidya and Sun [54], Laffan et al. [19]
and Teixeira et al. [83]. Furthermore, by considering the likely thickness-dependence of
the translaminar fracture toughness, Chen et al. [90] were recently able to predict size
effects observed by Green et al. [91] in ply-level blocked open hole tension specimens.
Current ply-level numerical models of material failure, based on a smeared-crack
approach [10], rely on the translaminar fracture toughness for predicting damage ac-
cumulation prior to ultimate failure. The implications of the likely dependence of the
translaminar fracture toughness has therefore profound implications for the use of cur-
rent numerical models.
The challenge in fully establishing whether the translaminar fracture toughness of a
0◦ depends on the ply thickness lies in that most specimen geometries (such a compact
tension) cease to promote the desired failure mode when the ply thicknesses become
larger than about 0.25mm, depending on the exact material system.
Until recently, there had been little effort into reducing the ply thickness of CRFPs.
Nowadays, new process methods have been developed and composite plies are now
being produced with areal weights as low as 25 g/m2, i.e., with a uncured ply thickness
of, approximately, 0.02mm. The access to thin-ply laminates has enlarged the design
space, for a certain thickness, improving homogenization and stacking sequence design
[92,93].
Recent research on thin-ply composites [92–96] has shown some enhanced mechan-
ical properties as well as size effects directly related to decreasing ply thickness. Sihn et
al. [94] and Yokozeki et al. [95, 96] observed a significant reduction, and even suppres-
sion, of matrix cracking, delamination and splitting in thin-ply laminates under static,
dynamic and impact loading; while standard ply thickness laminates presented consid-
erable damage prior to failure, thin-ply laminates behaved mainly linearly. The onset
of damage was delayed to close to the ultimate load in the load-bearing plies, leading
to a quasi-brittle failure [92, 94]. Thus, the span between first ply failure and collapse
has been drastically reduced. The analysis and understandings of translaminar fracture
toughness in thin-ply composites is, therefore, even more critical than for standard ply
thicknesses.
To the knowledge of the authors, no work has been published on the measurement
of the translaminar fracture toughness of thin-ply composites. Equally, there are no ex-
perimental studies on the thickness dependence of the translaminar fracture toughness
for thicknesses lower than 0.125mm. The objective of this paper is to provide these
first studies and the measurements mentioned.
This chapter starts by introducing the thin-ply material used, the experimental
method (section 6.2) and data reduction method (section 6.3). The results from X-ray
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imaging and microscopy are showed in section 6.4 and discussed in section 6.5. The
main conclusions are drawn in section 6.6.
6.2 Experimental method
6.2.1 Material System
The material system used in this work was the unidirectional (UD) prepreg
TR50s/K51, 6K Pyrofilő standard modulus carbon fibre and toughened epoxy system,
supplied by SkyFlex [97]. Two prepreg grades were used:
• 30 g/m2 (USN 030A), low grade, with a nominal ply thickness of t0 = 0.03mm;
• 55 g/m2 (USN 050A), high grade, with a nominal ply thickness of t0 = 0.055mm.
Table 6.1 presents the relevant material properties, where subscripts 1 and 2 denote
longitudinal and transverse direction in the plane of the laminae.
Table 6.1: TR50s/K51 properties provided by Skyflex [97].
Single fibre diameter [µm] 6.82
Nominal ply Thickness [mm] 0.03 0.055
Fibre areal weight [g/m2] 30 55
Fibre volume fraction [%] 55 55
Cured resin density [g/cm3] 1.20
Fibre density [g/cm3] 1.82
Nominal laminate density [g/cm3] 1.535
Longitudinal modulus E1 [GPa] 125.3
Transverse modulus E2 [GPa] 8.4
Major Poisson’s ratio ν12 0.28
Shear modulus G12 [GPa] 5.1
6.2.2 Specimen and layup configuration
Compact tension (CT) specimens [12, 20, 83], with layups shown in Table 6.2 and
dimensions shown in Figure 6.1, were manufactured for all layups (90tp, Atp B, Ctp and
D). The CT configuration was chosen as it allows a stable crack growth and the speci-
mens are wide enough so that steady-state can be reached [17, 20, 28]. Additionally, in
the context of all the published work on experimental measurement of the translaminar
fracture toughness of CP specimens with UD plies [12, 19, 20, 25, 46], the results from
Chapter 3, and the expectation that thin-ply laminates have a lower fracture toughness
than those with standard ply thicknesses, carrying out a virtual design of the speci-
mens did not appear necessary. Instead, the specimen dimensions proposed by Pinho
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Figure 6.1: CT specimens dimensions and fibre directions. All dimensions are inmm.
et al. [20] (Figure 6.1) were used directly; this approach proved to be successful. The
layups were carefully chosen to make sure that the outer plies were 90◦’s to prevent
splitting in the 0◦ directly near the surface [18].
The ratio of 0◦/90◦ plies in each layup was carefully chosen to keep it as constant
as possible, so that the effects of ply-blocking were isolated. The mechanical properties
of each layup were calculated using lamination theory and can be found in Table C.3
in Appendix C.
Table 6.2: Thin-ply layups investigated. 0◦ is aligned with the direction of the applied
load.
ID
Material
Layup
Purpose t0a tb Number
Grade of layup [mm] [mm] of plies
90 High [90]54 G90Ic - 3.00 54
Atp Low [903/ (90/0)24 /902]s G0Ic 0.0307 3.25 106
Btp High [902/ (90/0)16 /90]s G0Ic 0.0544 3.81 70
Ctp Low [903/ (902/02)12 /902]s G0Ic 2× 0.0306 = 0.0612 3.24 106
Dtp High [902/ (902/02)8 /90]s G0Ic 2× 0.0547 = 0.1094 3.83 70
a Measured 0◦ ply block thickness; calculated from the averaged total thickness of all the respective
specimens.
b Measured laminate thickness; averaged from all respective specimens.
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Figure 6.2: CT crack tip morphology using an optical microscope.
All laminates were manufactured using hand lay-up and cured in an autoclave
according to the supplier’s recommendations, as specified for the K51 resin system [97].
Once cured, a wet saw was used to cut the rectangular plates into the specimen’s
geometry (Figure 6.1). Two 8mm holes were drilled using a carbide tipped drill. The
specimens’ notches were machined by means of a diamond coated disk-saw to guarantee
an accurate and sharp crack tip [25]. The morphology of the crack tip, that can be
typically obtained with this process, is shown in Figure 6.2.
6.2.3 Testing and post-mortem
At least six CT specimens for each layup (90tp-Dtp ) indicated in Table 6.2 were
tested using an Instron machine with a 10 kN load cell. Each specimen was loaded
under displacement control, at a constant rate of 0.2mm/min to obtain quasi-static
conditions. For each layup, the loading for one additional specimen was interrupted
before (P ≈ 0.9PMax) reaching the average respective peak load, in order to evaluate
the extension of damage at this stage.
All the inspected specimens were wedged before unloading in order to prevent crush-
ing and to keep the fracture surfaces intact. Post-mortem analyses, such as X-ray and
optical and scanning electron microscopy (SEM), enabled the identification of the size
of the damage zone, different damage modes, as well as the sequence of failure, and the
confirmation that the crack propagated in the same plane defined by the initial notch.
X-ray analysis was used to examine the failure modes and damage extension for
the different laminates. An organic penetrant (dibromomethane) was used to highlight
the damage within the specimens. The specimens were immersed in dibromomethane
for 5 minutes and then dwelled for another 20. The specimens were then exposed for
140 seconds to the X-Ray tube voltage which was chosen accordingly to the specimens
thickness: from 18 kV to 24 kV, as the thickness increased.
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The crack propagation path was investigated through optical microscopy in the
through-the-thickness section. Each ply was polished away until the reaching the ply of
interest. The specimen was then placed under the microscope and thoroughly analysed.
The failure mechanisms, at the level of the ply, were characterized using a Hitachi
S-3400N SEM, operating at an acceleration voltage of 5-15 kV. Two representative spe-
cimens of each layup were cut and attached onto aluminium stubs. Compressed air was
sprayed over each specimen to remove any dust or debris traces. The specimens were
sputter-coated with gold and painted on the side with silver dag to ensure electrical
conductivity.
The specimens were monitored using Acoustic Emission (AE). Post-mortem ana-
lyses, such as X-ray and optical and scanning electron microscopy (SEM), were used
to analyse the damage growth. Each post-mortem technique has been briefly described
in section 3.2.3.
6.3 Data reduction
6.3.1 Laminate fracture toughness
The data reduction scheme applied to obtain the laminate translaminar fracture
toughness was the modified compliance method [12, 21]. For each layup in Table 6.2,
half CT specimen was modelled using the finite element (FE) Abaqus package. 1 N
load was applied at the position of the loading pin. The compliance calibration curve
was obtained in approximately 1mm increments of the notch length, to capture the
full compliance versus crack length response, for each layup of interest. The elastic
properties for each layup were shown in Table C.3. The compliance C vs. crack length
a data were plotted and fitted according to [98]:
C(a) = (α+ β)χ (6.1)
where α, β, and χ were calculated to best fit the experimental data for each layup.
Further details on the reference model can be found in [99].
For the fracture toughness tests, an effective crack length, aeff , could be determined
using the elastic compliance measured from the load displacement curve of the test
specimens, and the α, β and χ constants obtained numerically:
aeff =
C
1
χ − β
α
(6.2)
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α, β and χ parameters are listed in Table 6.3.
Table 6.3: Numerical fitting parameters used in the modified compliance method.
Layup ID Layup α β χ
90tp [90]54 -0.0366 1.9636 -0.3676
Atp [903/ (90/0)24 /902]s -0.0531 2.8230 -0.4390
Btp [903/ (902/02)12 /902]s -0.0570 3.0359 -0.4390
Ctp [902/ (90/0)16 /90]s -0.0531 2.8230 -0.4390
Dtp [902/ (902/02)8 /90]s -0.0570 3.0359 -0.4390
Three different toughnesses were measured in this work: non-linearity onset, ini-
tiation and propagation. The non-linearity onset was defined a the point where the
load-displacement curve ceases being perfectly linear. An initiation value was calcu-
lated through a linear regression of toughness values between the non-linearity onset
and propagation (see Section 6.4.4). The propagation toughness defined as the aver-
age of the toughness values, once the R-curve had levelled out and was fairly constant
(steady-state).
One of the main advantages of this data reduction method is that it does not rely
on the observation of the surface of the specimen [21]. This is important as the external
plies of the specimen do not reflect the actual crack tip growth; the crack front is not
necessarily uniform through the thickness of the specimen, and delamination close to the
crack causes the strain field to relax. Furthermore, the whole concept of translaminar
fracture toughness implies that an equivalent translaminar crack can be defined, hence
it should be calculated with expressions such as Equation (6.1).
6.3.2 Ply fracture toughness
For the 90◦ laminate (Table 6.2), the laminate toughness corresponds to immedi-
ately to the 90◦ ply intralaminar toughness, G90Ic . The fracture toughness of the 0◦ plies
is then given by:
G0Ic =
GLamIc t
Lam −G90Ic t90
t0
(6.3)
where tlam is the thickness of the laminate, t0 is the total thickness of 0◦ plies of
the laminate, and t90 is the total thickness of the 90◦ plies in the laminate (note
tlam = t0 + t90).
117
Chapter 6
6.4 Results
6.4.1 Load-displacement curves
Except for the UD layup, all laminates exhibited a stick-slip crack growth, typical
of cross-ply laminates (see Figure 6.3). Despite all cross-ply layups having a very sim-
ilar 0◦/90◦ ply ratio, the size of the load-drops in the load-displacement curves was
significantly dependent on the thickness of the 0◦ ply block (t0). The crack propaga-
tion propagated more smoothly (higher number of smaller load-drops) in the blocked
configurations.
(a) Layup 90tp
Figure 6.3: Typical experimental load-displacement curves for thin-ply laminates.
The circles highlight points at which load-drops took place.
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(b) Layup Atp : t0 = 0.03mm (c) Layup Btp : t0 = 0.055 mm
(d) Layup Ctp : t0 = 2× 0.03 = 0.06 mm (e) Layup Dtp : t0 = 2× 0.055 = 0.11 mm
Figure 6.3: Typical experimental load-displacement curves for thin-ply laminates.
The circles highlight points at which load-drops took place.
6.4.2 Acoustic emission monitoring
The signals collected from the AE system were presented in the form of bands and
were overlapped with the respective load-displacement curve (Figure 6.4). The clusters
of occurrences were grouped into four bands as indicated in Table 6.4.
Table 6.4: Peak frequency bands obtained from AE monitoring.
Band Frequency range [kHz]
b1 0− 100
- 100− 200
b2 210− 290
b3 320− 380
b4 400− 500
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(a) Layup 90tp
(b) Layup Atp: t0 = 0.03 mm (c) Layup Btp: t0 = 0.055 mm
(d) Layup Ctp: t0 = 2× 0.03 = 0.06 mm (e) Layup Dtp: t0 = 2× 0.055 = 0.11 mm
Figure 6.4: AE signals and load-displacement curves for thin-ply laminates.
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6.4.3 Post-mortem
6.4.3.1 X-ray
The damage extension was investigated via X-ray imaging in Figures 6.5-6.6. The
X-ray images in Figure 6.5 were taken from layups where specimens were loaded until,
approximately, 90% of the average peak load had been reached, whilst those in Figure
6.6 were taken from fully tested specimens.
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5 mm
(a) Layup 90tp at P=0.15 kN
5 mm
(b) Layup Atp : t0 = 0.03 mm, at P=1.91 kN
5 mm
(c) Layup Btp : t0 = 0.055 mm, at P=2.40 kN
5 mm
(d) Layup Ctp : t0 = 2× 0.03 = 0.06 mm, at P=1.72 kN
5 mm
(e) Layup Dtp : t0 = 2×0.055 = 0.11 mm, at P=3.06 kN
Figure 6.5: X-ray imaging of thin-ply laminates shows none or minor damage prior
to peak load Pmax.
122
Thin-plies: effect of ply thickness on the translaminar toughness of a 0◦ CFRP ply
5 mm
(a) Layup 90tp
5 mm
(b) Layup Atp : t0 = 0.03 mm
5 mm
(c) Layup Btp : t0 = 0.055 mm
5 mm
(d) Layup Ctp : t0 = 2× 0.03 = 0.06 mm
5 mm
(e) Layup Dtp : t0 = 2× 0.055 = 0.11 mm
Figure 6.6: X-ray imaging of thin-ply laminates shows the damage after testing. The
blocking of 0◦ plies does not lead to considerable diffuse damage.
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6.4.3.2 Optical microscopy
One representative micrograph for each cross-ply layup is presented in Figure 6.7,
where the crack grow from the left to the right side. It can be seen that the crack path
remained coplanar with the initial notch tip plane.
1 mm
(a) Layup Atp : t0 = 0.03 mm
1 mm
(b) Layup Btp : t0 = 0.055 mm
1 mm
(c) Layup Ctp : t0 = 2× 0.03 = 0.06 mm
1 mm
(d) Layup Dtp : t0 = 2× 0.055 = 0.11 mm
Figure 6.7: Micrographs of CP thin-ply laminates show a stepped crack path. The
size of the steps increases when blocking 0◦ plies. The crack grows from
the left to the right side.
6.4.3.3 Scanning electron microscopy
A more detailed analysis of the failure process was done via SEM imaging of the
fracture surfaces, as shown in Figures 6.11 to 6.9. The crack front corresponding to
each load-drop was easily observable, even to the naked eye, from the fractured surfaces
in all four CP layups (Figure 6.11). The pull-out height is visible in Figures 6.8 and
6.10d, while the top view in Figure 6.9 provides greater insight into the translaminar
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fracture surface across the thickness of the ply. The fibre/matrix interface and the resin
rich-region between plies can be gleaned from Figure 6.10.
The crack front corresponding to each load-drop was easily observable, even to the
naked eye, from the fractured surfaces in all four CP layups (Figure 6.11).
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(a) Layup Atp : t0 = 0.03 mm (b) Layup Btp : t0 = 0.055 mm
(c) Layup Ctp : t0 = 2× 0.03 = 0.06 mm (d) Layup Dtp : t0 = 2× 0.055 = 0.11 mm
Figure 6.8: SEM fracture surfaces of CP thin-ply laminates showing bundles of fibres
pulled out. The pull-out height increases when blocking 0◦ together.
Crack propagates from the bottom left corner to the right top corner.
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(a) Layup Atp : t0 = 0.03 mm (b) Layup Btp : t0 = 0.055 mm
(c) Layup Ctp : t0 = 2× 0.03 = 0.06 mm (d) Layup Dtp : t0 = 2× 0.055 = 0.11 mm
Figure 6.9: SEM fracture surfaces of CP thin-ply laminates showing bundles of fibres
pulled out. The higher the fibre tops, the brighter they appear. Crack
propagates from the bottom to the top part.
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(a) Layup Atp : t0 = 0.03 mm (b) Layup Btp : t0 = 0.055 mm
(c) Layup Ctp : t0 = 2× 0.03 = 0.06 mm (d) Layup Dtp : t0 = 2× 0.055 = 0.11 mm
Figure 6.10: SEM fracture surfaces of CP thin-ply laminates. The images were taken
in the mid-thickness of the specimens. Crack propagates from the bot-
tom left corner to the right top corner.
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Figure 6.11: Fractured surface for layup Atp showing the shape of the crack front,
from initiation until total material separation. Crack propagates from
the bottom left corner to the right top corner.
129
Chapter 6
0
10
20
30
40
50
60
0 2 4 6 8 10 12 14 16 18
G
Ic
|0
[k
J/
m
2 ]
Δa [mm]
Figure 6.12: Crack front overlapped with respective R-curve. Representative speci-
men for layup Atp . The crack positioning is artificially highlighted.
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6.4.4 Laminate and ply fracture toughnesses
The intralaminar initiation value of toughness was determined from the R-curves
shown in Figure 6.13a and then used to calculate the toughness of the 0◦ plies (see
section 6.3). However, propagation could not be measured as the CT specimens were
not wide enough for the toughness to reach steady-state.
For each CP specimen, three toughness values were measured: non-linearity onset,
initiation and propagation. All three toughnesses are presented in Table 6.5 for the
laminate level, and in Table 6.6 at level of the ply. Figure 6.13 presented the full R-
curves for all CP laminates. The ply-level toughnesses measured, for all four layups,
were overlapped in Figure 6.14 and were presents as a function of the ply thickness in
Figure 6.15.
Table 6.5: Average laminate initiation and propagation values of critical energy re-
lease rates.
Layup
GlamIc G
lam
Ic G
lam
Ic
t0 Non-linearity Initiation Propagation
[mm] onset [kJ/m2] [kJ/m2] [kJ/m2]
(CoV [%]) (CoV [%]) (CoV [%])
90tp - 0.220 0.255 -
[90]54 (7.45) (11.92) (-)
Atp 0.03 16.28 20.85 22.82
[903/ (90/0)24 /902]s (7.40) (8.50) (10.64)
Btp 0.055 16.19 26.75 43.43
[902/ (90/0)16 /90]s (7.3) (2.0) (4.0)
Ctp 0.06 19.78 24.79 32.30
[903/ (902/02)12 /902]s (9.47) (8.86) (12.07)
Dtp 0.11 16.62 44.59 73.40
[902/ (902/02)8 /90]s (13.6) (7.4) (9.2)
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(a) Layup 90tp
(b) Layup Atp : t0 = 0.03 mm (c) Layup Btp : t0 = 0.055 mm
(d) Layup Ctp : t0 = 2× 0.03 = 0.06 mm (e) Layup Dtp : t0 = 2× 0.055 = 0.11 mm
Figure 6.13: R-curves for laminate-level translaminar fracture toughness for thin-ply
CP laminates (Atp -Dtp ). The non-linear onset of failure is defined
as the first toughness value. The intersection between the dashed lines
at an angle and the vertical axes define the initiation toughness. The
horizontal dashed lines indicate the propagation toughness.
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Figure 6.14: R-curves for ply-level translaminar fracture toughness for thin-ply CP
laminates (Atp -Dtp ).
Table 6.6: Average ply initiation and propagation values of critical energy release rates
for thin-ply layups: Atp -Dtp .
Layup
G0Ic G
0
Ic G
0
Ic
t0 Non-linearity Initiation Propagation
[mm] onset [kJ/m2] [kJ/m2] [kJ/m2]
(CoV [%]) (CoV [%]) (CoV [%])
Atp 0.03 32.86 45.86 49.16
[903/ (90/0)24 /902]s (7.18) (3.92) (5.36)
Btp 0.06 35.10 58.19 94.30
[903/ (902/02)12 /902]s (2.53) (1.16) (3.38)
Ctp 0.055 43.37 54.44 71.03
[902/ (90/0)16 /90]s (4.14) (4.85) (8.61)
Dtp 0.11 36.06 97.23 160.25
[902/ (902/02)8 /90]s (4.94) (7.20) (14.80)
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Figure 6.15: Initiation (
a
) and propagation (◦) toughness values in function of the
0◦ ply thickness.
6.5 Discussion
6.5.1 Acoustic emission characterisation
Unlike in the T800s/M21 system, only four consistent peak frequency bands were
observed in TR50s/K51 specimens (Figure 6.4). The absence of a fifth frequency band
was due to the fact that barely any occurrences were registered between a frequency
range of 100-200 kHz. This would lead to the assumption that little, if any, delamina-
tion developed in thin-ply laminates, which was corroborated by X-ray inspection (see
Figure 6.6).
Following the same reasoning done in Chapter 3, the analysis of the frequency peaks
led to the classification of several failures modes into the range presented in Figure 6.16.
The frequency bands are within close range to that of the T800s/M21 system. However,
the TR50s/K51 range presented narrower and more defined bands.
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Figure 6.16: Indicative peak frequency range classifications of failure modes in
TR50s/K51.
6.5.2 Effect of the thickness of 0◦ plies
The thickness of 0◦ plies was seen to influence the size of the load-drops and, there-
fore, the crack growth stability. Specimens with a thicker 0◦ ply typically exhibited
more populated load-displacement curves and, consequently, R-curves (Figures 6.3 and
6.13).
The R-curves for layup Atp (Figure 6.13b) were found to be essentially flat which
indicated that steady-state had been reached within a small crack growth length (<
1mm). The R-curve effect become more evident with increasing 0◦ ply thickness (see
Figure 6.13).
A considerable increase was seen in both initiation and propagation toughnesses by
increasing t0 (see Figures 6.14 and 6.15, and Table 6.6). Since the non-linearity onset
toughnesses is dominated by the substantial damage mechanisms prior to macro-scale
propagation, the latter trend was not reflected as clearly in this toughness measure.
Despite a slight increase of non-linearity in specimens with increased t0, no extensive
damage was observed in any of the layups. X-ray imaging showed limited signs of
damage during ‘elastic’ loading (Figure 6.5), with one single split standing out for
laminates with the thickest 0◦ ply-block. This suggested that toughening mechanisms,
such as fibre/matrix debonding and pull-out, increased with t0.
Fully tested specimens revealed a fine crack path, perfectly aligned with the notch
tip, and reduced splitting (Figures 6.6 and 6.7). Representative micrographs showed a
decrease in the size of the crack jumps in layups with higher t0 (Figure 6.7a vs. 6.7b,
and Figure 6.7c vs. 6.7d).
Fractography was crucial into differentiating the failure processes taking place in
all four layups, due to the similarity and reduced damage extension observed in the
specimens. Figure 6.8 shows SEM images of the fracture surfaces of four representative
specimens, highlighting the size of the fibre bundles in each layup. The height of pulled-
out fibres was observed to increase with increasing 0◦ ply thickness, which implies more
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energy being dissipated during crack growth (Figure 6.9). A high magnification of the
90◦/0◦ interface shows riverlines (Figure 6.9), thus indicating that fracture initiates
from the 90◦ towards the mid-thickness of the 0◦ plies, as noted in previous works
[13,19,20].
There was a clear increase in toughness with t0, even tough layup B (t0 =0.06mm)
showed a slightly lower toughness than layup C (t0 =0.055mm). The latter may eventu-
ally be related to some minor differences in the microstructure of materials of different
grades motivated by the fibres spreading technology. In any case, for both grades,
there was a clear increase of toughness with thickness (see Figure 6.15). The difference
between initiation and propagation values can also be seen to increase with t0, and the
scatter with ply blocking.
This work therefore confirms the dependence of the translaminar fracture toughness
with 0◦ ply-block thickness, with the concomitant implications for numerical modelling
and material development.
6.6 Conclusions
This work investigated the effect of the 0◦ ply-thickness in thin-ply laminates on the
mode I translaminar fracture toughness of the 0◦ plies. Previous work had associated
an increase in the toughness of the 0◦ plies with increasing ply-thickness. However,
the presence of diffuse damage had added some uncertainty to those earlier results. In
the current study, the extension of damage in the thin-ply laminates was thoroughly
monitored and analysed, and very little damage was observed in the layups considered.
The fracture toughness and the R-curve effect were both found to increase with
the thickness of the 0◦ plies. Additionally, SEM imaging showed an increase in the
pull-out length of the fibres with increasing 0◦ ply thickness. The observations in this
work confirm that the toughness associated with mode I translaminar fibre failure is a
thickness dependent (in-situ) material property.
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Conclusions and future work
7.1 Characterising translaminar fracture toughness of
cross-ply and multidirectional laminates
The suitability of compact tension (CT) specimens in characterizing the translam-
inar damage for different layups was investigated. Twelve carbon-epoxy laminates with
different combinations of 0◦, ±45◦ and 90◦ plies, and with various ply thicknesses were
tested and thoroughly analysed by means of Acoustic emission and post-mortem tech-
niques (X-ray, optical and scanning electron microscopy). The main failure mechanisms
identified (matrix cracking, ply splitting, fibre bridging, fibre pull-out and fibre failure)
led to a peak frequency characterization for the T800s/M21 system. Multi-directional
laminates presented a combination of the failure mechanisms that had been identified
on the bi-directional laminates (θ/90◦) made of its constituent plies.
From the work performed in Chapter 3, it became clear the need to develop a testing
configuration for thick ply-blocks that would allow a stable crack propagation without
the interference of undesirable failure modes, particularly the compression stresses in
the back edge (Chapter 3), using as a starting point Blanco’s CT parametric study [29].
7.2 Representing translaminar fracture as a cohesive
crack
After having extracted the resistance curve (R-curve) for each layup in Chapter
3, three distinct fracture toughness values were obtained for each layup: non-linearity
onset, initiation and propagation. Assuming that the damage can be represented as
a single crack, the full R-curves were used to define a trilinear cohesive law for each
layup. By carrying out direct numerical simulations in finite elements (FE) of crack
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propagation in the CT specimens with different layups, using the fracture toughness
data and pull-out height obtained experimentally, this work showed that:
• for specimens without ply-blocks, which were seen to present little damage, the
FE simulations replicated correctly the load-displacement curves as well as the
R-curves.
• for specimens with ply-blocks, despite the noticeable damage away from the
crack plane, the FE simulations also provided good predictions for the load-
displacement and R-curves.
Therefore, the trilinear law parameters derived appeared to represent, to at least a
significant extent, the translaminar fracture process for the range of laminates selected.
As future work, it would be of interest to extend the experiments involving blocked
plies to considerably larger specimens, in order to evaluate if the extension of diffuse
damage remains significant in respect to the specimen dimensions.
7.3 Relating the toughness of individual plies to the
toughness of the laminate
Four analytical predictive models (rule of mixtures, equivalent stress and strain
models, and simplified stress model) were used to predict the translaminar toughness
of the laminates from that of the constituent plies. A comparison of all models over a
broad range of layups was carried out. Both equivalent stress and strain models led to
nearly identical laminate toughness predictions; the rule of mixtures led to comparable,
but slightly high laminate predictions; finally, the simplified equivalent stress model
should be used with great care if ±45◦ plies are present in the laminate.
The fracture toughness of a 0◦ ply was predicted from two cross-ply layups and the
average value was used to predict the experimentally measured toughness of three multi-
directional laminates. The assumption of translaminar fracture toughness additivity
by means of a law of mixtures correlated best and more consistently with regards to
the experimental data than any of the other three approaches.
After analysing the failure process of a 45◦ ply, a simple equation relating the mode
I toughness of a 45◦ ply to that of a 0◦ ply and of a 90◦ ply (where the latter can be
disregarded) was proposed and showed to provide accurate results.
Further multi-directional configurations involving different angled plies, other than
0◦, ±45◦ and 90◦ plies, should be investigated in order to verify if the toughness of a
generic angled ply θ can be related to the toughness of a 0◦ ply by means of the trivial
generalization of the geometrical relation proposed.
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Using the extensive experimental data gathered in Chapter 3, a predictive translam-
inar fracture toughness model that would include the observed sub-critical damage
could potentially be developed.
7.4 Effect of ply thickness on toughness of a 0◦ ply
Since it was found that increasing ply-thickness can result in diffuse damage
(Chapter 3), the effect of ply thickness on the mode I translaminar fracture tough-
ness of a 0◦ ply was investigated using four thin-ply cross-ply laminates with a 0◦
ply thickness ranging from 0.03 mm to 0.12 mm (Chapter 6). The specimens were
monitored with acoustic emission and further analysed by means of X-ray, optical and
scanning electron microscopy. All specimens revealed very little damage in the layups
considered and SEM imaging showed a significant increase in the pull-out length of the
fibres whilst increasing the thickness of the 0◦ plies.
A classification of failure modes with the peak frequency from the acoustic emission
signals was achieved for the TR50s/K51 material system (Chapter 6), similarly to that
done for T800s/M21 in Chapter 3.
Both the fracture toughness and the R-curve effect increased with increasing thick-
ness of the 0◦ plies. Therefore, this work confirmed that the toughness associated with
mode I translaminar fibre failure is a thickness dependent material property.
Despite having established a distinct trend of the 0◦ ply toughness thickness de-
pendence, it would be of interest to investigate a broader range of 0◦ ply thicknesses in
order to generate a more populated and, therefore, better defined relation between the
two.
In published work, measurements of mixed mode translaminar fracture toughness
has proved difficult to investigate due to the significance of the damage observed in the
specimens, prior to failure initiation [100]. Thin-ply laminates are potentially suitable
to investigate the effect that the ply thickness has on the mixed mode and, eventually,
on mode II translaminar failure of CFRP laminates.
Additionally, following the work of Laffan [25] done on the relation between the
translaminar fracture toughness measured at initiation and the specimen’s critical notch
radius, it would be interesting to investigate whether the thickness of the 0◦ influences
the latter.
139
140
Bibliography
[1] R. Y. Kim and S. R. Soni, “Experimental and analytical studies on the onset of
delamination in laminated composites,” Journal of composite Materials, vol. 18,
1984.
[2] P. W. Beaumont, “The failure of composites: an overview,” Journal of strain
analysis, vol. 24, pp. 189–205, 1989.
[3] Z. Suo, “Delamination specimens for orthotropic materials,” Journal of Applied
Mechanics, vol. 57, pp. 627–635, 1990.
[4] L. Ye and K. Friedrich, “Fibre bridging in double cantilever beam specimens and
its effect on mode i interlaminar fracture toughness,” Journal of Materials Science
Letters, vol. 22, pp. 1537–1539, 1992.
[5] M. D. Gilchrist and N. Svensson, “A fractographic analysis of delamination within
multidirectional carbon/epoxy laminates,” Composites Science and Technology,
vol. 55, pp. 195–207, 1995.
[6] Z. J. Hashin, “Failure criteria for unidirectional fibre composites,” Journal Apllied
Mechanics, vol. 47, pp. 329–34, 1980.
[7] M. J. Hinton and P. G. Soden, “A comparison of the predictive capabilities of cur-
rent failure theories for composite laminates, judged against experimental evid-
ence,” Composites Science and Technology, vol. 62, pp. 1725–97, 2002.
[8] M. J. Hinton, P. D. Soden, and A. S. Kaddour, Failure criteria in fibre reinforced
polymer composites. The world-wide failure exercise. Elsevier, 2004.
[9] S. T. Pinho, C. G. Dávila, P. P. Camanho, L. Iannucci, and P. Robinson, “Fail-
ure models and criteria for frp under in-plane or three-dimensional stress states
including shear non-linearity,” NASA Technical Memorandum, vol. 213530, 2005.
[10] S. T. Pinho, L. Iannucci, and P. Robinson, “Physically-based failure models and
criteria for laminated fibre-reinforced composites with emphasis on fibre kinking:
Part ii: Fe implementation,” Composites Part A, vol. 37, pp. 766—-777, 2006.
141
Bibliography
[11] S. T. Pinho, Development of translaminar fracture toughness testing methods for
composite materials. PhD thesis, Imperial College of London, London, UK, 2011.
[12] M. J. Laffan, S. T. Pinho, P. Robinson, and L. Iannucci, “Translaminar Fracture
Toughness Testing: A Review,” Polymer Testing, vol. 31, pp. 481––489, 2012.
[13] E. Greenhalgh, Failure analysis and fractography of polymer composites. Wood-
head Publishing Limited, 2009.
[14] “Standard test method for mode i interlaminar fracture toughness of unidirec-
tional fiber-reinforced polymer matrix composites,” Tech. Rep. ASTM D5528,
American Society for Testing and Materials, 2007.
[15] J. H. Underwood and M. Kortschot, “Standard test method for JIc, a measure
of fracture toughness, E–813,” tech. rep., ASTM, 1992.
[16] S. T. Pinho, P. Robinson, and L. Iannucci, “Developing a four point bend spe-
cimen to measure the mode I intralaminar fracture toughness of unidirectional
laminated composites,” Composites Science and Technology, vol. 69, pp. 1303–
1309, 2009.
[17] M. J. Laffan, S. T. Pinho, P. Robinson, and A. J. McMillan, “Translaminar
fracture toughness testing of composites: a review,” Polymer Testing, vol. 31,
pp. 481–489, 2012.
[18] C. E. Harris and D. H. Morris, “Fracture behaviour of thick, laminated graph-
ite/epoxy composites,” tech. rep., Virginia Polytechnic Institute and State Uni-
versity, 1984.
[19] M. J. Laffan, S. T. Pinho, P. Robinson, and L. Iannucci, “Measurement of the in
situ ply fracture toughness associated with mode I fibre tensile failure in FRP.
Part II:Size and lay-up effects,” Composites Science and Technology, vol. 70(4),
pp. 614–621, 2010.
[20] S. T. Pinho, P. Robinson, and L. Iannucci, “Fracture toughness of the tensile and
compressive fibre failure modes in laminated composites,” Composites Science
and Technology, vol. 66, pp. 2069–2079, 2006.
[21] M. J. Laffan, S. T. Pinho, P. Robinson, and L. Iannucci, “Measurement of the in
situ ply fracture toughness associated with mode I fibre tensile failure in FRP.
Part I:Data Reduction,” Composites Science and Technology, vol. 70(4), pp. 606–
613, 2010.
[22] C. E. Harris and D. H. Morris, “A comparison of the fracture behaviour of thick
laminated composites utilizing compact tension, three-point bend and centre-
142
Bibliography
cracked tension specimens,” Tech. Rep. ASTM STP 905, Fracture Mechanics:
seventh volume, 1986.
[23] J. H. Underwood and M. Kortschot, “Notch-tip damage and translaminar racture
touginess measurements from carbon/epoxy laminates,” tech. rep., Report, 1994.
[24] J. E. Masters, “Translaminar fracture toughness of a composite wing skin made
of stitched warp-knit fabric,” Tech. Rep. NASA Contractor Report 201728, 1997.
[25] M. J. Laffan, S. T. Pinho, P. Robinson, and L. Iannucci, “Effects of notch tip
radius on the translaminar fracture toughness of cross-ply carbon/epoxy lamin-
ates,” Composites Science and Technology, vol. 72, pp. 97–102, 2012.
[26] G. Catalanotti, P. P. Camanho, J. Xavier, C. Dávila, and A. Marques, “Measure-
ment of resistance curves in the longitudinal failure of composites using digital
image correlation,” Composites Science and Technology, vol. 70, pp. 1986––1993,
2010.
[27] “Standard test method for translaminar fracture toughness of laminated polymer
matrix composite materials,” Tech. Rep. ASTM E1922-04, American Society for
Testing and Materials, 2004.
[28] N. Blanco and S. T. Pinho, “Parametric analysis of different compact tension
specimens for fracture toughness characterisation in woven composite materials,”
tech. rep., Imperial College London Report, 2008.
[29] N. Blanco, , D. T. S. T. Pinho, and P. Robinson, “Intralaminar fracture tough-
ness characterisation of woven composite laminates. part i: Design and analysis
of a compact tension CT specimen,” Engineering Fracture Mechanics, vol. 131,
pp. 349–360, 2014.
[30] P. J. de Groot, P. A. M. Wijnen, and R. B. F. Janssen, “Real-time frequency
determination of acoustic emission for different fracture mechanisms in carbon/e-
poxy,” Composites Science and Technology, vol. 55, pp. 405–412, 1995.
[31] J. M. Berthelot and J. Rhazi, “Acoustic emission in carbon fibre composites,”
Composites Science and Technology, vol. 37, pp. 411–428, 1990.
[32] N. Godin, S. Huguet, R. Gaertner, and L. Salmon, “Clustering of acoustic
emission signals collected during tensile tests on unidirectional glass/polyester
composite using supervised and unsupervised classifiers,” NDT&E International,
vol. 37, pp. 253–264, 2004.
[33] D. Valentin, P. Bonniau, and A. R. Bunsell, “Failure mechanism discrimination
in carbon fibre-reinforced epoxy composites,” Composites, vol. 14, pp. 345–351,
1983.
143
Bibliography
[34] C. R. Ramirez-Jimenez, N. Papadakis, N. Reynolds, T. H. Gan, P. Purnell, and
M. Pharaoh, “Identification of failure modes in glass/polypropylene composites
by means of the primary frequency content of the acoustic emission event,” Com-
posites Science and Technology, vol. 64, pp. 1819–1827, 2004.
[35] R. Gutkin, C. J. Green, S. Vangrattanachai, S. T. Pinho, P. Robinson, and P. T.
Curtis, “On acoustic emission for failure investigation in cfrp: Pattern recognition
and peak frequency analyses,” Mechanical Systems and Signal Processing, vol. 25,
pp. 1393—-1407, 2011.
[36] N.Godin, S. Huguet, and R. Gaertner, “Integration of the kohonen self-organising
map and k-means algorithm for the segmentation of the ae data collected,”
NDT&E International, vol. 38, pp. 299–309, 2005.
[37] R. de Oliveira and A. T. Marques, “Health monitoring of frp using acoustic emis-
sion and artificial neural networks,” Computers and Structures, vol. 86, pp. 367–
373, 2008.
[38] J. Vesanto and E. Alhoniemi, “Clusteringoftheself-organizingmap,” IEEE Trans-
actions on Neural Networks, vol. 11, pp. 586–600, 2000.
[39] A. Marec, J. H. Thomas, and R. E. Guerjouma, “Damage characterization of
polymer-based composite materials: multivariable analysis and wavelet transform
for clustering acoustic emission data,” Mechanical Systems and Signal Processing,
vol. 22, pp. 1441––1464, 2008.
[40] C. T. Sun and K. M. Prewo, “The fracture toughness of boron aluminum com-
posites,” Journal of Composite Materials, vol. 11, pp. 164–175, 1977.
[41] K. M. Prewo, “The effect of ply lay-up sequence on the fracture toughness of
boron aluminum,” Journal of Composite Materials, vol. 12, pp. 40–52, 1978.
[42] S. Jose, R. R. Kumar, M. Jana, and G. V. Rao, “Intralaminar fracture toughness
of a cross-ply laminate and its constituent sub-laminates,” Composites Science
and Technology, vol. 61, pp. 1115–1122, 2001.
[43] R. R. Kumar, S. Jose, and G. V. Rao, “Evaluation of intralaminar fracture tough-
ness of angle ply laminate,” Indian Journal of Engineering and Materials Sci-
ences, vol. 9, pp. 269–274, 2002.
[44] “ASTM E399-06 Standard test method for linear-elastic plane-strain fracture
toughness KIc,” tech. rep., ASTM, 2006.
[45] G. Bao, S. Ho, , Z. Suo, and B. Fan, “The role of material orthotropy in fracture
specimens for composites,” lnt. J. Solids Structures, vol. 29, pp. 1105–1116, 1992.
144
Bibliography
[46] P. P. Camanho and G. Catalanotti, “On the relation between the mode i fracture
toughness of a composite laminate and that of a 0◦ ply: Analytical model and
experimental validationfracture criterion for notched thin composite laminates,”
Engineering Fracture Mechanics, vol. 78, pp. 2535––2546, 2011.
[47] J. M. Slepetz and L. Carlson, “Fracture of composite compact tension specimens,”
Fracture Mechanics of Composites, vol. ASTM STP 593, pp. 143–162, 1975.
[48] M. . R. Wisnom, “On the increase in fracture energy with thickness in delamin-
ation of unidirectional glass fibre-epoxy with cut central plies,” Journal of Rein-
forced Plastics and Composites, vol. 11, pp. 897–909, 1992.
[49] Z. P. Baˇzant, “Size effect in blunt fracture: Concrete, rock, metal,” Journal of
Engineering Mechanics, vol. 110, pp. 518–535, 1984.
[50] Z. P. Baˇzant, “Scaling laws in mechanics of failure,” Journal of Engineering Mech-
anics, vol. 119, pp. 1828–1844, 1993.
[51] Z. P. Baˇzant, I. M. Daniel, and Z. Li, “Size effect and fracture characteristics of
composite laminates,” Journal of Engineering Material and Technology, vol. 118,
pp. 317–324, 1996.
[52] M. . R. Wisnom and S. R. Hallett, “Experimental investigation of progressive
damage and the effect of layup in notched tensile tests,” Journal of Composites
Materials, vol. 40, pp. 119–141, 2006.
[53] C. T. Herakovich, “Influence of layer-thickness on the strength of angle-ply lam-
inates,” Journal of Composite Materials, vol. 16, pp. 216–227, 1982.
[54] R. S. Vaidya and C. T. Sun, “Fracture criterion for notched thin composite lam-
inates,” AIAA Journal, vol. 35, pp. 311–316, 1997.
[55] M. R. Wisnom, S. R. Hallett, and C. Soutis, “Scaling effects in notched compos-
ites,” Journal of Composite Materials, vol. 44, pp. 195–210, 2010.
[56] T. A. Cruse and M. C. Stout, “Fractographic study of graphite-epoxy laminated
fracture specimens,” Journal of Composite Materials, vol. 7, p. 272, 1973.
[57] R. T. Potter, “The structural significance of failure mode in notched fibre rein-
forced plastics under tension-,” tech. rep., Royal Aircraft Establishment, 1982.
[58] X. Li, S. R. Hallett, and M. R. Wisnom, “Numerical investigation of progressive
damage and the effect of layup in overheight compact tension tests,” Composites:
Part A, vol. 43, pp. 2137—-2150, 2009.
145
Bibliography
[59] H. J. Konish, Jr., J. L. Swedlow, and T. A. Cruse, “Experimental Investigation of
Fracture in Advanced Fiber Composite,” Journal of Composite Materials, vol. 6,
p. 114, 1972.
[60] P. N. Dileep and R. Kumar, “A simple method for the evaluation of frac-
ture toughness of a multi-layered laminate based on the failure stress of sub-
laminates,” International Journal of Fracture, vol. 131, pp. 3–6, 2005.
[61] T. A. Cruse, “Tensile strength of notched composites,” Journal of Composite
Materials, vol. 7, p. 212, 1973.
[62] H. J. Konish and T. A. Cruse, “Method of estimating fracture strength of specially
orthotropic composite laminates,” ASTM Special Technical Publication, vol. 521,
pp. 133–142, 1973.
[63] C. C. Poe and J. A. Sova, “Fracture toughness of boron/aluminium laminates
with various proportions of 0◦ and±45◦ plies,” Tech. Rep. NASA TP-1707, NASA
report, 1980.
[64] C. C. Poe, “A unifying strain criterion for fracture of fibrous composite lamin-
ates,” Engineering Fracture Mechanics, vol. 17, pp. 153–171, 1983.
[65] C. C. P. Jr., “Strain intensity factor approach for predicting the strength of con-
tinuously reinforced metal matrix composites,” tech. rep., NASA TECHNICAL
MEMORANDUM 100617, 1988.
[66] M. E. Waddoups, J. R. Eisenmann, and B. E. Kaminski, “Macroscopic fracture
mechanics of advanced composite materials,” Journal of Composite Materials,
vol. 5, pp. 446–454, 1971.
[67] E. V. Iarve, M. R. Gurvich, D. H. Mollenhauer, C. A. Rose, and C. G. Dávila,
“Numerical investigation of progressive damage and the effect of layup in over-
height compact tension tests,” Composites: Part A, vol. 43, pp. 2137—-2150,
2009.
[68] K. Friedrich and R. Walter, “Mechanisms for rate effects on interlaminar fracture
toughness of carbon/epoxy and carbon/peek composites,” Journal of Materials
Science, vol. 24, pp. 3387–3398, 1989.
[69] G. C. Sih and P. C. Paris, “Stress analysis of cracks,” ASTM, vol. 381, pp. 30–83,
1964.
[70] R. Done, “Compressive, shear and interlaminar characterisation of t800/m21,”
tech. rep., Imperial College London, 2012.
[71] HEXCEL, M21 180◦C (350◦F) Curing Epoxy Matrix Product Data, 2010.
146
Bibliography
[72] HEXCEL, UD/M21/35%/268/T800S Epoxy Matrix Product Data Sheet, 2010.
[73] Z. Jehangir, “Experimental investigation of the translaminar ply fracture tough-
ness of advanced composites,” tech. rep., Imperial College London, 2011.
[74] ABAQUS, version 6.12.1. Providence, RI, USA: Dassault Systèmes, 2012.
[75] H. Yoshihara and A. Satoh, “Shear and crack tip deformation correction for the
double cantilever beam and three-point end-notched flexure specimens for mode
i and mode ii fracture toughness measurement of wood,” Engineering Fracture
Mechanics, vol. 76, pp. 335–346, 2009.
[76] R. Gutkin, M. L. Laffan, S. T. Pinho, P. Robinson, and P. T. Curtis, “Modelling
the R-Curve effect and its specimen-dependence,” International Journal of Solids
and Structures, vol. 48, pp. 1767—-1777, 2011.
[77] C. Schuecker and H. E. Pettermann, “Fiber reinforced laminates: progressive
damage modeling based on failure mechanisms,” Archives of Computational Meth-
ods in Engineering, vol. 15, pp. 163—-187, 2008.
[78] S. Li, M. Thouless, A. Waas, J. Schroeder, and P. Zavattieri, “Mixed-mode
cohesive-zone models for fracture of an adhesive bonded polymer-matrix com-
posite,” Engineering Fracture Mechanics, vol. 73, pp. 64––78, 2006.
[79] A. Turon, P. P. Camanho, J. Costa, and J. Renarta, “Accurate simulation of
delamination growth under mixed-mode loading using cohesive elements: Defini-
tion of interlaminar strengths and elastic stiffness,” Composite Structures, vol. 92,
pp. 1857––1864, 2010.
[80] A. L. Hansen, E. Lund, and B. F. Sørensen, “Simulation of delamination in-
cluding fiber bridging using cohesive zone models,” In Proceedings of ECCOMAS
Thematic conference on mechanical response of composites, 2007.
[81] Z. Suo, G. Bao, and B. Fan, “Delamination r-curve phenomena due to damage,”
J. Mech. Phys. Solids, vol. 40, pp. 1–16, 1992.
[82] B. F. Sørensen and T. K. Jacobsen, “Large-scale bridging in composites: R-curves
and bridging laws,” Composites Part A, vol. 29A, pp. 1443—-1451, 1998.
[83] R. F. Teixeira, S. T. Pinho, and P. Robinson, “Translaminar fracture toughness
of cfrp: From the toughness of individual plies to the toughness of the laminates,”
15th European Conference on Composite Materials (ECCM15), 2012.
[84] “Image J - Image Processing and Analysis in Java,” 2014.
[85] Microsft Excel. Redmond, Washington, USA: Microsoft, 2013.
147
Bibliography
[86] C. C. P. Jr., “Fracture toughness of fibrous composite materials,” tech. rep.,
NASA TP–2370, 1984.
[87] A. C. Garg, “Interlaminar and intralaminar fracture surface morphology in graph-
ite/epoxy laminates,” Engineering fracture Mechanics, vol. 23, pp. 1031–1050,
1986.
[88] J. C. Poe, Residual strength of Composite Aircraft Structures with damage. 1996.
[89] S. Pimenta and S. T. Pinho, “An analytical model for the translaminar frac-
ture toughness of fibre composites with stochastic quasi-fractal fracture surfaces,”
Journal of the Mechanics and Physics of Solids, vol. 66, pp. 78–102, 2014.
[90] X. Chen, X. Deng, and M. A. Sutton, “Simulation of stable tearing crack growth
events using the cohesive zone,” Engineering Fracture Mechanics, vol. 99, pp. 223–
238, 2013.
[91] B. G. Green, M. R. Wisnom, and S. R. Hallet, “An experimental investigation into
the tensile strength scaling of notched composites,” Composites Part A, vol. 38,
pp. 867–878, 2006.
[92] S. W. Tsai and M. Papila, “Homogenization made easy with bi-angle thin-ply
ncf,” JEC Composites Magazine, vol. 68, pp. 70–1, 2011.
[93] G. Guillameta, A. Turona, J. Costa, J. Renarta, P. Linde, and J. Mayugoa,
“Damage occurrence at edges of non-crimp-fabric thin-ply laminates under off-
axis uniaxial loading,” Composites Science and Technology, vol. 67, pp. 996–1008,
2014.
[94] S. Sihn, R. Y. Kim, K. Kawabe, and S. W. Tsai, “Experimental studies of thin-
ply laminated composites,” Composites Science and Technology, vol. 67, pp. 996–
1008, 2007.
[95] T. Yokozeki, Y. Aoki, and T. Ogasawara, “Experimental characterization of
strength and damage resistance properties of thin-ply carbon fiber/toughened
epoxy laminates,” Composite Structures, vol. 82, pp. 382–389, 2008.
[96] T. Yokozeki, A. Kuroda, A. Yoshimura, T. Ogasawara, and T. Aoki, “Damage
characterization in thin-ply composite laminates under out-of-plane transverse
loadings,” Composite Structures, vol. 93, pp. 49–57, 2010.
[97] Skyflex, K51 Epoxy prepreg technical datasheet, 2013.
[98] C. Dávila, C. Rose, and P. Camanho, “A procedure for superposing linear cohesive
laws to represent multiple damage mechanisms in the fracture of composites,” Int
J Fract, vol. 158(2), pp. 211–223, 2009.
148
Bibliography
[99] R. F. Teixeira, Translaminar fracture toughness of CFRP: from the toughness of
individual plies to the toughness of the laminate. PhD thesis, Imperial College of
London, 2015.
[100] M. J. Laffan, S. T. Pinho, and P. Robinson, “Mixed-mode translaminar fracture of
cfrp: Failure analysis and fractography,” Composites Structures, vol. 95, pp. 135–
141, 2013.
[101] “Standard test method for tensile properties of polymer matrix composite ma-
terials,” Tech. Rep. ASTM D 3039/D 3039M, American Society for Testing and
Materials, 2007.
[102] S. T. Pinho, Modelling failure of laminated composites using physically-based fail-
ure models. PhD thesis, Imperial College of London, London, UK, 2005.
149
150
Appendix A
Standard material
characterization of T800s/M21
A.1 Introduction
The work presented in this section was undertaken in collaboration with Mr. Zubin
Jehangir, during his final year project [73].
The material used in this work was the unidirectional carbon-epoxy system
T800s/M21 in the form of a prepreg, supplied by Airbus and manufactured by Hexcel.
The nominal ply thickness was about 0.125mm and the fibre diameter was 5µm. This
material presented never twisted yarns.
The strength and in-plane elastic properties of the T800s/M21 were measured and
later used in the data reduction of the translaminar toughness measurements.
The tensile tests were done according to the corresponding ASTM standard [101]
tests in both longitudinal (along the fibre) and transverse directions.
A.2 Manufacturing
An appropriate number of plies was chosen to produce the thickness required, as
per the standard [101]. Figure A.1 shows two plates (A and B) schematically represent-
ing the layups used for the tensile specimens subjected to longitudinal and transverse
testing, respectively.
Both plates were manufactured (see Table A.1) using the hand-layup method. The
plates underwent a single-dwell autoclave cure cycle as specified for the M21 resin
system [71] at 180◦ for 120 minutes, and were then cut using a dry disc saw. As a
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(a) Plate A for longitudinal testing. (b) Plate B for transverse testing.
Figure A.1: Plates manufactured for standard tensile tests.
Figure A.2: Tensile specimen with respective dimensions listed in Table A.1. Adapted
from [102].
consequence of the curing process, the edges of the plates contained excess resin and
were shaved-off using sand paper. Once cured and cut, the plates were checked for
defects using a C-scanner.
As indicated in Figure A.1, the standard 0◦ tensile specimens were labelled as "Sl-
01" to "Sl-10", where "S" stands for standard and "l" for longitudinal. The standard 90◦
tensile specimens were labelled as "Str-01" to "Str-10", where "S" stands for standard
and "l" for transverse.
The ASTM standard recommended the use of reinforced E-glass fibre end tabs to
improve the specimen’s gripping during the tests (see Figure A.2 and Table A.2). These
were cut using a wet saw and bonded to the respective plate, using 3M Scotch-Weld
9323 B/A, which is a 2-part adhesive with a resin to hardener mixing ratio of 100:27.
It should be noted that both the surfaces of the plate and end tabs were sandblasted
beforehand, in order to produce a more effective bond between the two surfaces.
Table A.2 describes the nominal dimensions of the specimens.
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Table A.1: Purpose and dimensions of manufactured plates.
Plate Test Dimensions [mm2] Number of plies Layup Thickness [mm]
A Tensile 0◦ 300 × 300 8 [0◦]8 1
B Tensile 90◦ 330 × 330 16 [0◦]16 2
Table A.2: Tensile specimens dimensions.
Type L [mm] W [mm] t [mm] b [mm] h [mm]
Tensile 0◦ 250 15 1 56 1.5
Tensile 90◦ 175 25 2 25 1.5
Finally, the strain gauges were applied. In order to remove the layer of resin on the
top of the plate, its surface was sanded down. The plate was cleaned using a degreaser
solution, and 5mm long 0◦/90◦ rosette strain gauges were glued on it. Additionally,
solder pads were attached on to help secure the strain gauge leads to the computer
input wires.
A.3 Experimental
The tensile tests were carried out on a Instron machine with a 100-ton load capacity
in the Department of Aeronautics, Imperial College London. The load cells used and
respective displacement rates are indicated in Table A.3.
Table A.3: Load cell and displacement rate for each type of test.
Type Load cell [kN] Displacement rate [mm/min]
Tensile 0◦ 100 2
Tensile 90◦ 10 1
The specimens were carefully aligned (see Figure A.3) with the loading direction in
order to avoid any bending during the tests. Figure A.3 shows the experimental setup.
A.4 Data reduction
The data reduction method used for both the longitudinal and transverse tests was
the proposed according to the ASTM standard [101]. The ultimate tensile strength
was chosen as the highest stress obtained from the tests. The Young’s modulus was
calculated as the secant obtained for strain values between 0.1% to 0.3% for the tension
in the longitudinal direction. Since the transverse specimens failed for strain values
below a 0.6%, the Young’s Modulus was calculated in the range of 25% to 50% of the
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ultimate transverse strain. The Poisson’s ratio was calculated using the same values
for the longitudinal strain.
A.5 Results
A.6 Longitudinal tension - Tensile 0◦
All longitudinal specimens exhibited explosive failure. The specimens tended to
shatter and rupture completely apart. Failure took place repeatedly at the un-tabbed
areas of the specimen. (Following the ASTM standard [101] terminology, the failure
was labelled with the Identification Code XUU.) Figure A.4 shows a typical failed
longitudinal tensile specimen.
The longitudinal failure strength for all the specimens is shown in Figure A.5 and
Figure A.6 shows the stress against the longitudinal strain for all the specimens. Table
A.4 indicates the average measured longitudinal tensile properties, with the respective
variations.
Table A.4: Longitudinal tensile properties.
Average Standard Coefficient of
deviation variation [%]
Longitudinal Tensile Strength [MPa] 3066.96 157.43 5.13
Young’s Modulus E11 [MPa] 160.43 5.26 3.23
Poisson’s ratio nu12 0.33 0.02 6.74
A.7 Transverse tension - Tensile 90◦
Specimens tested under transverse tension failed at the interface between the end
tabs and that of the gauge section. (According to the ASTM standard [101] terminology,
the failure was labelled with the Identification Codes LAT and LAV.) Figure A.7 shows
a typical failed transverse tensile specimen.
The transverse failure strength for all the specimens is shown in Figure A.8 and
Figure A.9 shows the relation between transverse strength and longitudinal strain.
Table A.5 lists the average measured transverse tensile properties, with the respective
variations.
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Table A.5: Transverse tensile properties.
Average Standard Coefficient of
deviation variation [%]
Transverse Tensile Strength [MPa] 43.90 7.60 17.31
Young’s Modulus E11v [MPa] 9.29 0.20 2.11
A.8 Discussion
A.8.1 Longitudinal tension - Tensile 0◦
The tensile longitudinal specimens failed at expected loads and in an acceptable
failure mode. The average values and the corresponding coefficients of variation were
acceptable. The longitudinal vs. transverse strain plot was mostly linear for all speci-
mens.
A.8.2 Transverse tension - Tensile 90◦
In the transverse tensile tests, the coefficients of variation were slightly higher than
the longitudinal ones. The higher scatter is likely to have been due to the strong
influence of defects on transverse failure. Once transverse cracks took place, immediate
propagation throughout the laminate occurred. The first transverse failure occurred at
inherent material defects. The random distribution of such defects would have induced
scatter in the results. The longitudinal strain vs. strength was linear for all specimens.
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(a) 100-ton Instron machine. (b) Experimental setup.
Figure A.3: Experimental setup.
Figure A.4: Typical failure of a longitudinal tensile specimen.
Figure A.5: Longitudinal tensile strength for all specimens.
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Figure A.6: Longitudinal tensile strength vs. longitudinal strain.
(a) Interface between the end tabs and
the gauge section.
(b) Failed transverse tensile
specimens.
Figure A.7: Typical failure of a transverse tensile specimens.
157
Chapter A
Figure A.8: Transverse tensile strength for all specimens.
Figure A.9: Transverse tensile strength vs. longitudinal strain.
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T800s/M21 linear response
A multidirectional laminate ([902/02/452/ − 452/90/0/45/ − 45]s) was loaded and
unloaded several times. Figure B.1 represents the load during the span of testing.
Figure B.1: Load-time curve during loading-unloading cycle of a
[902/02/452/ − 452/90/0/45/ − 45]s specimen. The material sys-
tem presented a perfectly linear behaviour as the compliance of the
material remains unchanged throughout the experiment.
The experimental response of T800s/M21 presented no indication of material non-
linearities.
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Data reduction parameters
The data reduction used in this work was the modified compliance method, as
described in section 3.2.4. This approach required the elastic compliance of the CT
specimen (3.2.2) according to each layup of interest. The laminates elastic properties
(listed in Table C.1) were calculated from classical lamination theory and a compliance
vs. crack length curve was numerically obtained (see section 3.2.4).
The compliance curves in function of the crack length (C(a)) for all the investigated
layups in this work are shown in Figures C.1 and C.2. The curves have been fitted (see
section 3.2.4) using the three parameters listed in Tables C.2-C.4.
Table C.1: Laminates elastic properties calculated from lamination theory for thin-
ply layups.
Layup ID Layup Ex [GPa] Ey [GPa] νxy Gxy
DCB [9034] 160.40 9.29 0.33 4.2
A [(90/0)8/90]s 89.74 80.80 0.038 4.2
B [(906/0)2/903]s 143.18 27.17 0.113 4.2
C [(905/02)2/903]s 125.43 45.05 0.068 4.2
D [9010/02/905]s 143.18 27.17 0.113 4.2
E [909/03/905]s 134.32 36.11 0.085 4.2
F [905/02/906/0/903]s 134.32 36.11 0.085 4.2
G [906/45/906/− 45/903]s 144.17 13.57 0.533 8.5
H [906/− 45/45/904]s 135.03 15.77 0.596 10.9
I [905/− 452/905/452/903]s 127.34 17.52 0.635 12.9
J [906/45/0/− 45/903]s 126.92 27.88 0.324 10.4
K [90/45/0/− 45]3s 59.95 59.95 0.332 22.7
L [902/02/452/− 452/90/0/45/− 45]s 59.95 59.95 0.332 22.7
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Figure C.1: Compliance curves for all CT layups.
Table C.2: Numerical fitting parameters used in the modified compliance method.
Layup ID Layup α β χ
DCB [9034] -0.0422 2.2506 0.3777
A [(90/0)8/90]s -0.0560 3.0413 -0.4342
B [(906/0)2/903]s -0.0535 2.8066 -0.4202
C [(905/02)2/903]s -0.0471 2.6117 -0.3811
D [9010/02/905]s -0.0532 2.7909 -0.4202
E [909/03/905]s -0.0557 2.9263 -0.4303
F [905/02/906/0/903]s -0.0557 2.9263 -0.4303
G [906/45/906/− 45/903]s -0.0498 2.6768 -0.3650
H [906/− 45/45/904]s -0.0445 2.3936 -0.3610
I [905/− 452/905/452/903]s -0.0461 2.5918 -0.3241
J [906/45/0/− 45/903]s -0.0526 2.7914 -0.3842
K [90/45/0/− 45]3s -0.0673 3.5633 -0.4013
L [902/02/452/− 452/90/0/45/− 45]s -0.0673 3.5633 -0.4013
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Figure C.2: Compliance curves for all CT thin-ply layups.
Table C.3: Laminates elastic properties calculated from lamination theory.
Layup ID Layup Ex [GPa] Ey [GPa] νxy Gxy
Atp [903/ (90/0)24 /902]s 72.87 61.77 0.038 5.1
Btp [903/ (902/02)12 /902]s 72.87 61.77 0.038 5.1
Ctp [902/ (90/0)16 /90]s 72.14 62.10 0.038 5.1
Dtp [902/ (902/02)8 /90]s 72.14 62.10 0.038 5.1
Table C.4: Numerical fitting parameters used in the modified compliance method.
Layup ID Layup α β χ
Atp [903/ (90/0)24 /902]s -0.0531 2.8230 -0.4390
Btp [903/ (902/02)12 /902]s -0.0531 2.8230 -0.4390
Ctp [902/ (90/0)16 /90]s -0.0570 3.0359 -0.4390
Dtp [902/ (902/02)8 /90]s -0.0570 3.0359 -0.4390
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Thickness Size Effect On
Intralaminar Longitudinal Matrix
Failure
The effect of thickness on the mode I intralaminar fracture toughness was investig-
ated using double cantilever beam test (DCB). The objective of this study is to determ-
ine if the fibre bridging phenomenon occurring in the 90◦ plies affects the toughness of
the laminates.
The specimen configuration was the same as described in section 3.2.4.2. The DCB
specimens were manufactured with the thicknesses indicated in Table D.1:
Table D.1: Thickness and number of plies for each layup.
Number of plies Thickness [mm] Side groove deepness [mm]
34 4.25 -
17 2.25 1
9 1.25 1.5
For thicknesses lower than 3mm , the specimen was found to buckle after an eigen-
value analysis in FE (using Abaqus [74]). To overcome this difficulty, a side groove was
performed on the each side of the DCB specimens, as illustrated in Figure D.1.
A thin coat of white paint was applied to both sides of each specimen, and a [mm]
scale drawn on it to visually monitor the crack growth.
The data reduction method is the same described in section 3.2.4.2 with geometrical
adjustment taking into account the side grove. The side groved specimens presented a
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(a) Grooving of a DCB specimen on the side.
(b) Specimen side-groved. View from the back side of the specimen.
Figure D.1: Side-grove manufacture and visualization.
reduced thickness t′ (Figure D.2). The critical energy release rate from Equation 3.15
takes the following form:
GIc =
P 2
t′
(
a+ χw2
)2
E11I
(D.1)
The second moment of area I is not affected since the amount of material groved
out of the specimen was small.
Figure D.3 shows three representative R-curves for the three thicknesses. Neither
of the side groved specimens levelled out and large energy drops were observed. The
latter occurred during significant load-drops and were consistent with the moment when
bundles of bridged fibres broke.
During testing, the crack tended to deviate away from the central line, i. e., the
crack did not propagate through the area of reduced thickness, as observed in Figure
D.4:
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Figure D.2: Thicknesses t and t′ definition.
Figure D.3: Representative R-curves for all three thicknesses.
Another interesting phenomena worth referring was the size of the bridged fibre
bundles which appeared to increase with a reduction in thickness (see Figure D.5).
It is believed that due to the two above mentioned reasons, no propagation values
could be achieved for the side groved specimens. However, an initiation toughness value
for all three thicknesses could be measured, as shown in figure D.6:
Although there is a small decrease of the toughness with the thickness of the speci-
men, all values are statistically similar. This would suggest that the intralaminar mode
I toughness during initiation is independent of the specimen’s thickness. Therefore, the
contribution of fibre bridging in the 90◦ plies is negligible.
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(a) Section of specimen showing crack tip at initiation.
(b) Section of specimen showing crack tip deviation at the end of the specimen (after testing).
Figure D.4: Crack deviation for DCB specimen t = 17 plies.
(a) Bundles of bridged fibres for t = 9 plies.
(b) Bundles of bridged fibres for t = 17 plies.
(c) Bundles of bridged fibres for t = 34 plies.
Figure D.5: Bundles of bridged fibres for all three thicknesses.
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Figure D.6: Initiation toughness experimentally measured for t = 9, t = 17 and
t = 34, respectively.
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Lamination theory
Following the notation used previously in Chapter 5, the laminate strains and
stresses (from Hooke’s Law) are related by:

x
y
γxy
 =

S11 S12 S13
S21 S22 S23
S31 S32 S33


σx
σy
τxy
 (E.1)
where [S]Lam is defined as:
[
S
]Lam
=

1
Ex
−νxy
Ex
0
−νyx
Ey
1
Ey
0
0 0 12Gxy

(E.2)
Lamination theory assumes that the strains are the same in all plies within a sym-
metrical laminate. From Equation (5.2) and (E.1):

x
y
γxy

i
= K
Lam
I√
2pir
[
S
]Lam
√
Syy/Sxx
1
0
 (E.3)
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For a certain i ply at an angle α, the global stresses are related to strain according
to:

σx
σy
τxy

i
=
[
Q
]
i

x
y
γxy

i
(E.4)
where
[
Q
]
i
=
[
T
]−1
i
[
Q
][
T
]-T
i
, (E.5)
[
Q
]
=

E11
1− ν12ν21
ν21E11
1− ν12ν21 0
ν12E22
1− ν12ν21
E22
1− ν12ν21 0
0 0 2G12

, (E.6)
and [T ] is the transformation matrix:
[
T
]
i
=

cos2 α sin2 α 2 sinα cosα
sin2 α cos2 α −2 sinα cosα
− sinα cosα sinα cosα cos2 α− sin2 α

, (E.7)
leading Equation (E.4) to:

σx
σy
τxy
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 (E.8)
The principal stresses along ply i is then given by Equation (5.3):
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
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Predictive models parameters
The mechanical properties of the layups investigated in Chapter 5 and the respective
set of input parameters for the predictive toughness models are represented in Table
F.1.
Table F.1: Laminates properties and predictive model parameters (see Chapter 5).
Layup Ex Ey νxy
Gxy Ψ0 ΨLam ξ1 ζ01 ζ1ic[GPa] [GPa] [GPa]
A 89.74 80.80 0.038 4.2 0.02111 0.02840 1.96027 0.00574 0.01193
B 143.18 27.17 0.113 4.2 0.02111 0.04971 5.69427 0.00574 0.03499
G 144.17 13.57 0.533 8.5 0.02111 0.05340 6.62386 0.00574 0.04027
J 126.92 27.88 0.324 10.4 0.02111 0.03349 4.95514 0.00574 0.03043
K 59.95 59.95 0.332 22.7 0.02111 0.01668 1.85963 0.00574 0.01130
L 59.95 59.95 0.332 22.7 0.02111 0.01668 1.85963 0.00574 0.01130
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